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ABSTRACT 


The transport of the dipeptide glycyl-L-leucine across 
the brush border membrane of the male rat small intestinal 
enterocyte was studied using everted rings. The movement of 
substrates was followed using: [ !4c]-L-leucine; glycyl-[?2H]- 
L-leucine and [ !*C]-glycyl-L-leucine. 

The influx of L-leucine from a Solution of the free 
amino acid and from the peptide glycyl-L-leucine displayed 
Saturation kinetics “as"stibstrate concentrations Mmcreased, 
icticehense that a mediated process was involved in the 
observed uptake. Transfer of L-leucine from the dipeptide 
was found to occur at a faster rate and reach higher 
intracellular concentrations than from free solution and 
unlike uptake as the free monomer never reached levels above 
that in the incubation medium. Replacement of medium Nat 
with choline reduced the transport of peptide bound L-leucine 
far less than it did uptake from free solution suggesting 
that dipeptide influx is less dependent on the cation. 

Saturation of the free amino acid system with excess 
cold L-leucine (28 mM) reduced the transport of L-leucine 
from glycyl-L-leucine by approximately fifty percent, + to 
Vevels not Significantly different» from those! determined in 


the absence of Na’ (p< 05) ee Ther replacement?) ofemeaaum Nat 
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in the presence of excess free L-leucine, had no effect on 
the remaining transfer of peptide bound L-leucine. This data 
suggests. that, L=leucine originating) fromthe dipeptide is 
taken up into the enterocyte by two pathways. One route 
which is available to L-leucine liberated from 
Givcyl-L=leucines by hydrolysis. at.the brush border 
corresponds, to the well, characterized, Nat dependent free 
amino, acid transport system; the second route is an intact 
peptide uptake mechanism and Nat independent. This 
conclusion gained support from the observation that 19 mM 
L-alanyl- fs-naphthylamide (ANA), a potent brush border 
hydrolase inhibitor, reduced peptide bound L-leucine uptake 
Fomleved sunotecignit icantly dutterent: £romitheuNanecres 
determinations with or without 28 mM free L-leucine 
(p<0205). 

The transfer of L-leucine from glycyl-L-leucine was 
greater than the glycine uptake. This additional transport 
of L-leucine was abolished by the removal of medium Nat PewDy. 
the presence of 20 mM free L-leucine and by the addition of 
18 mM ANA. That is when the contribution made to the influx 
of L-leucine from the dipeptide by surface hydrolysis 
followed by the preferential uptake of free L-leucine was 
eliminated, transfer of both moieties became equal. It was 
concluded therefore, that glycine transport from glycyl-L- 


leucine is accomplished exclusively via the intact peptide 
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system. This notion was verified by the demonstration that 
peptide bound glycine influx was unaffected by either Na’ 
removal or =the = presence of 20 mM cold free LE—leucine. 

The alkaloid harmaline, a reputed inhibitor of Na’ 
dependent transport mechanisms, was found to have nonspecific 
inhibitory effects on both free amino acid and dipeptide 
Eranspore dt concentrations in excess of 255 mM, 

The transport of L-leucine from glycyl—-L—-leucine, in the 
presence of 2@ mM cold free L-leucine, was competitively 
inhibi tedy by Wlvyeyi=E—proline, although only partially: 
Calculations showed that infinitely high concentrations of 
Glyvcyi-=G-proline wouldstiall co inhibit 44 percentwor intact 
glycyl-L-leucine transport. This implies the existence of at 
least two pathways or the transport of Intact olycyi/—L— 


leucine, only one of which is shared with glycyl-L-proline. 
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INTRODUCTION 

i] is known that the intraluminal phase of protein 
digestion, carried out by activated pancreatic proteases, 
yields a complex mixture of free amino acids and small 
peptides and that the peptides predominate (Adibi et al., 
1981). Further, the existence of a distinct mediated 
Eransport system for the transfer of di-— and tripeptides imto 
the intestinal enterocyte is now accepted (Matthews et al., 
PO75, 1980). There appears to be confusion however, as to 
the nature of this mediated peptide transport system. 

Early reports on peptide uptake indicated that the 
process could be reduced with metabolic inhibitors and by the 
removal of medium Na’ (Newey and Smyth, 1968; Rubino et al., 
1971) suggesting an active, Na dependent mechanism. 
Subsequent investigations utilizing poorly hydrolyzed but 
transported peptides claim to have demonstrated intracellular 
accumulation of these substrates as well as the Na’ 
dependency of their uptake (Matthews et al., 1972, 1974, 
1979). Other studies using more common peptides however, 
have succeeded in demonstrating only a partial Na dependency 
of the influx mechanism which varies according to the peptide 
Used (RUDINOG Ct sale L971; Ganapathy et ali, 9 79 i. 

Cheeseman and Parsons (1976), provided an explanation for 
Ese patti al Na dependency through a study of dipeptide 


branSspoLe intomthestrodesmallsintestine..) lneyeconcludede nat 


rhe: fie @b3 36. afin ee ico salasin geldopa-s 


ete Se Leiba) osapinobedy aabicenit sis tate Oem 
hateibem t20hvesh fF AS SShercexs eps ratte =. (Teed 


— 
e3n) @shisqeuias bne -ih Gh Joteness 44s 26! meanee saageenae 


jee 2s cweteSeu) hagzeevt Wen ef <Tv-cv%s ns leplaeaonl ong 


61 2b .204eod nolewiaee ed 77) s2Fenae 49247 AGREE getel 
aMetey> Dtodenes? disbsdan Ssiniber 2ide tol emden add 

ofa tant wetenibed sadeiqe ehicqen o> erroqee eligee 
ons yd Gae avorsiSidal, ol lotesem ri becube: sa Slhuse aesrvong 
yebe 96 oakdiie (L2Gr Sdsymea toe “oesit! “bu ovibem fo Levomed 


4 


te loeiioen sdnbnsqek 6% .ovii7r fe Galddeggee (ITQD 
. 
wut besylemmyt yoisog gaAlslij ju eaoljeritaeunt, seepasdeg 


Wilgilesserysn) b216:4anoeah BysdA az miaih =sbirgeq ass Oga0Rae 


r 


"EW S8Y ae Uiewlee 24tbitedie seni Ax nef s6lunuens 

PUN: \OPOE che to RWerlddan) axecqu wield to yoretendes, 

»Tevewaol zobiggqsq set Sin iirts eathuse. 1ee@s0 - (ORL, . 
qansenagen ‘eli Lelzatq’s yeee eobievicroied cf bebeenrue 

" @bh9qwe ore oF pALbisay gnenl AOidy Gainedree MOLES way 
—- oe aes eae aned «17S, vite 26 enemy 
7 | A ae nine ae i s(t 4) rhs 


7 aie —— a i aa t adbieitioni 


| a) ania. 


the transport of glycyl-L-leucine was a consequence of two 
routes of uptake available to the constituent amino acids. 
Some JEorty percent ofeghycinesand th-heuciney, Imitialhy 
presented to the intestinal mucosa as the dipeptide, was 
shown to enter via the free amino acid uptake system 

EG liewing eheijmgikberation by surface hydrolysis. The 
remainder genter edev tananwintact «peptideysystems jelit qwastiound 
that it was the free amino acid route which was Nay dependent 
while the peptide route was not. Evidence exists indicating 
that a variety of other peptides are also transported via 
both the free amino acid system following hydrolysis and via 
am intactk peptide Toute (Fern et al., 1969. Cheng et al., 
1976; Adibi, 1971; Roseén-Levin et al., 1980). With the 
contribution made to peptide transport by free amino acid 
system eliminated the uptake of glycyl-L-leucine, 
leucyl-L-glycine and carnosine have been found to be Nat 
independent and non-concentrative (Cheeseman and Parsons, 
1976; Cheeseman, 19808). 

Clearly, an investigation of peptide transport cannot be 
properly carried out without eliminating the free amino acid 
uptake from Surface hydrolysis. In the present work, the 
experiments were designed to follow the transport of 
glycyl-L-leucine (using radio-labelled peptide) into everted 
rings of rat Small intestine with the free amino acid uptake 
from surface hydrolysis either completely or partially 
blocked by one of three separate methods. Initially the free 


amino acid uptake system was saturated with 28 mM cold free 
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L-leucine; next the surface hydrolysis was reduced by the use 
of an aminopeptidase inhibitor L-alanyl- p -naphthylamide; and 
finally an attempt was made to eliminate the Na‘ dependent 
free amino acid uptake through the use of the alkaloid 
harmaline at concentrations reported to inhibit Nat dependent 
transport mechanisms. 

The study was concluded with an investigation of the 
specificity of the intact peptide transport system to 
determine whether more than one uptake route is available to 


the intact peptide: 
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ABBREVIATIONS 


in an efforestomsimplifty wheltextyortithistwork theynames 

of the amino acids, whether occurring singly or in the form 
of a peptide, have been abbreviated to the first three 
letters of theirmcomplete name (with the=singlle) exception of 
tryptamine which is shortened to Trp). Note that unless 
otherwise indicated all amino acids and their corresponding 
peptides are considered to be in the “L' configuration. 

Below is a key to the abbreviations employed listed in 


alphabetical order. 


AMINO ACIDS 


Abbreviation Full Name 
Ala L-alanine 
Arg L-arganine 
Asp L-asparagine 
Glu L-glutamic acid 
Gly glycine 
His L-histidine 
Hyp hydroxyproline 
Leu . L-leucine 
Met L-methionine 
Phe L-phenylalanine 
Pro L-proline 
Sar sarcosine 
EGP L-tryptamine 
Dy G L-tyrosine 
Val L-valine 
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PEP LD eS 
Abbreviation Full Name 
Ala-Phe L-alany1-L-phenylalanine 
Asp-Gly L-asparagnyl glycine 
Asp-Phe L-asparagnyl-L-phenylalanine 
BeAva-Gly fpalanyl-glycine 
p Ala-His pralany =—b-htseidine 
Gail Gad L-glutamyl-L-glutamic acid 
hy Gilby glycyl glycine 
Gly-Leu glycyl-L-leucine 
Gly-Met glycyl-L-methionine 
Gly-Pro glycyl-L-proline 
Gily-sar glycyl sarcosine 
Gly-Trp glycyl-L-tryptophan 
Gly-Val glycyl-L-valine 
Leu-Ala L-leucyl-L-alanine 
Leu-Gly L-leucyl glycine 
Leu-Leu L-leucyl-L-leucine 
Leu-Phe L-leucy1l-L-phenylalanine 
Lys-Lys L-lysyl-L-lysine 
Met-Met L-methionyl-L-methionine 
ProO-Hyp L-prolyihydnexy soroline 
Pro-Gly L-prolyl glycine 
fp Ala-Gly-Gly palanylglycyl glycine 
Gly-Gly-Gly glycylalycyl glycine 
Gly-Sar—-San glycylsarcosy ll) sarcosine 
Léeu-Gily-Gily L-leucylglycyl glycine 
Met-Gly-Met L-methionylglycyl methionine 
Rila—Giey—G ley Gin L-alanylglycylglycylglycine 
Gay —-Lleu-Giy-Giy, glycyl—-L-leucylglycylaqivycine 
Lbeu—-Gly—-Gly-Gly L-leucylglycylglycylglycine 


The uptake of “anvamino acid from a solution vor that 
amino acid is notated by the abbreviated name of the amino 
acid stollowed (in Jbrackets by the solution from which <it 
Originated. For example, the uptake of free L-leucine (Leu) 
from a solution of free Leu is indicated as Leu (Leu). The 
uptake of an amino acid from a peptide is similarly notated 
by the abbreviated name of the amino acid followed in 
brackets by the abbreviated name of the peptide form which it 
originated. For example, the uptake of L-leucine (Leu) from 


the dipeptide glycyl-L-leucine is written as Leu (Gly-Leu). 
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Gly (Gly-Leu) indicates the uptake of glycine from 


glycyl-L-leucine. 


HISTORICAL REVIEW 


In the early 1800's it was believed that whole protein 
was absorbed by the intestine with no chemical change 
whatsoever. This "Liebig theory" was shown to be inadequate 
by Salvioli (1888) and Hofmeister (1881) who demonstrated 
Enattpeptoneslefeminkthe Dumensofsaetlivingteintestine 
"disappeared" or was so changed as to no longer yield a 
biuret reaction. The feeding experiments of Pl6ész and Maly, 
working independently, showed that peptones could replace 
proceintas food (1874)% 

Following this and other works it became generally 
accepted towardathegendLof atherhoth century, tthataprotein was 
broken down by proteolytic enzymes of the gut to peptones and 
proteoses which being water soluble were then absorbed by a 
Specific activity of the intestinal enterocyte (Reid, 1899). 
This theory gained general acceptance (with notable 
dissenters such as Salvioli, Funk, Heidenhain and Shore) 
despite the failure of researchers to isolate peptones from 
the blood stream and the demonstration by several 
investigators that amino acids could be isolated from the 
contents of the lumen during normal digestion. Kolliker and 


Muller (1856) first identified leucine and tyrosine in the 
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lumen of the intestine but attached no importance to their 
discovery. Kuhn (1867) identified the proteolytic enzyme 
trypsine and subsequently demonstrated that it was able to 
break down fibrin introduced into the duodenum releasing 
appreciable quantities of leucine and tyrosine. Kuhn 
concluded, however, that proteid so completely hydrolyzed 
could not be absorbed by the intestine and therefore that 
such complete hydrolysis was unnatural. Although the work of 
KoOlliker et al. and Kuhn was repeated by several workers 
(Schmidt and Mulheim, 1879; Sheridan Lea, 189@) it was not 
until Neumeister (1897) that the significance of the presence 
of free amino acids in the itestinal lumen was appreciated. 
Neumeister felt that this finding pointed to the further 
breakdown of peptones during the digestive process and that 
free amino acids might be absorbed by the intestine. 

New light was shed on the situation by the discovery of 
Conheim (1981) that the intestine of octopus possessed a 
hydrolytic enzyme which consistently broke down peptones to 
their constituent amino acids. Conheim believed that only 
one enzyme was responsible and named it erepsin. Further 
wentsmiehe twaseableutoVisolate*tlétucine, Styrosineyalysine; 
histndwiesand arginine ius 2.8. ¢ (Cathcaney LOL2Siromethe 
octopus intestine. 

Kutscher and Seeman (1981) isolated several amino acids 
from the intestine of a dog fed a protein meal; peptones and 
proteoses were not detected. These workers, in agreement with 


the conclusions of Neumeister (1897) suggested that amino 
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acids were the normal end products of protein digestion and 
as such were absorbed by the intestine and used by tissues 
For resynthesis into proteins. 

Over the next few years several workers were able to 
establish that protein in the intestinal lumen was broken 
down beyond the peptone stage to its constituent free amino 
acids yand peptidessin the course of normal digestion 
(Abderhalden, 1942) Van Slyke et al., 1910 London, 19170, 
VOD 2 eCONnnedMeme lo! opel oOLS) sae FULCDeCY Jitewos snoWwneroat. amino 
acids whether fed or injected intravenously could be utilized 
in metabolism (Loewi, 1982; Henderson et al., 1903; Buglia, 
LES IGEN 

Although it was well accepted that protein digestion 
proceeded to the peptide and amino acid stage in the 
intestinal lumen and was absorbed as such there was 
reluctance to accept the concept of amino acids being taken 
WweOnt ne bloods andmetransported. tor tissues invthismtorm.. «has 
reluctance stemmed from the failure of many workers to 
identify amino acids in the bloodstream of animals following 
a protein meal. AS a result, Abderhalden and several others 
continued to hold the view that though proteins may undergo 
nVcroOlys.s losamino,aciaseinsthe lumen “andy bes apsorbed sin 
this form they must be resynthesized to plasma proteins 
within the mucosal cells before being passed on to the blood 
(Abderhalden, 1912). 

Through the development and application of more 


sensitive quantitative methods for the detection of amino 
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acids, Delaunay, and Van Slyke and Meyer (1911-12) largely 
resoivedethedcontroversy, ilaying to rest&etherresynthesis 
theory. These workers demonstrated a rise in amino nitrogen 
in the blood of dogs following a meat meal. Folin and Denis 
(1912) substantiated these findings by showing a rise in non- 
protein nitrogen in the portal blood of cats following 
Mtralnitestinalmingectuons tof tghycocoll Hegde fini Hivetprnoct 
that amino acids were in the blood of dogs after a protein 
meal was provided by Abel, Rowntree and Turner (1913) who, 
utilizing a vivi-diffusion technique, were able to isolate, 
purify and identify several amino acids from such animals. 
Abderhalden (1912) verified these findings using a 
Similar technique. 

The acceptedttheoryeto anoundtl914 jvasstogtehetiatelof a 
protein meal was summarized by Van Slyke: "Ingested proteins 
are hydrolzyed in the digestive tract setting free most, if 
notgallpeor thei nvaminogactdss |aThesenarehabsonbdedwintotthe 
blood stream, from which they rapidly disappear as the blood 
eirculatestthrough thebtissuesai:) (Van Slykeeand Meyer; 
eS e 

It should be noted here that to this time the 
possibilityeot peptide fabsonption®i nom, the rintestimnetihad not 
been discounted. Indeed, most investigators during this 
period observed that proteins were broken down in the gut to 
mixtures of amino acids and peptides (Van Slyke and Meyer, 
912 elob3 s6Gathcarteandrbeathes, )9067 Abdenhaldengel 92; 


London, 1918; Kutscher and Seeman, 1991; Conheim et al., 
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1912). The idea that peptides might be absorbed by the 
intestine and hydrolyzed during the uptake process or 
subsequent to it was discussed by Van Slyke in his 1913 
review. He reasoned that " .. . normal digestion proceeds 
inethev incest inaly lumen and =wall?untit=most?* if*not all, of 
the proteolytic products are reduced to the stage of free 
amino acids" and suggests further that peptides might undergo 
hyarolysise! Tes Shetther®before*oreatterventeringsthe 
intestinaliwalve.arece “(VaneSiykey 197 PtotfrecPamino®acids. 

During the ensuing years there developed what is now 
pekerredwtotast thevelassicalthypothesisvoft®protein 
absoOrpelon. SULhehevolucion@oltthis  theoryeistdareericule to 
brace but sduring’thev1920"s, 130"si andPon®intotthe 50s att was 
believed that proteins were completely hydrolyzed to amino 
acids in the lumen of the intestine and absorbed in this 
fOrm.e*sCertainlyfone@ofethe@ chief = contributing factors to 
this theory was the concept held during this period that 
protein digestion products were absorbed from the lumen into 
the bloodstream by simple diffusion. It seemed logical 
". . . that before leaving the intestinal lumen these 
products*shoulld first bef reduced to free amino acids;etheir 
most adrefttisable form "(Matthews et'al?,.1975)s Thetideatthat 
amino acids entered the bloodstream from the intestinal lumen 
by simple diffusion arose largely from the failure of 
researchers to demonstrate a difference in the rate of uptake 
of stereoisomers of several amino acids. These experiments 


involved observing the rates of absorption of mixtures of “L' 
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and ~D' configuration amino acids (Johnston and Lewis, 1928; 
Wilson and Lewis, 1929; Chase and Lewis, 1934; Bolton and 
Wr ght, l9sy7 jie Lopaddi tion®Kkratenered(do44de reported that 
thes rate ofpabsorption-of. aminoj acids unto chick dntestine 
was inversely proportional to their molecular size. 

Evidence already in the literature at this time, 
suggesting the active nature of amino acid (and peptide) 
transport by the intestine, was apparently ignored. 

Reids (1396,.1899) | studieds the. transport) of— peptones) in 
an in vivo preparation of loops of dog ileum. He demonstated 
that reducing the blood supply (a procedure which would have 
feduccdsditfusionjmtopa loop of gut had no’ effect on 
peptone absorption but that atropine poisoning of the gut 
wall did reduce peptone uptake. Reid concluded therefore, 
that peptone absorption was a process involving an active 
"asSimilation™ by the epithelial. cells of the ileum. 

Also overlooked was the excellent work of Hober and 
Hober (1937). These workers studied the physical 
Gharacteristicssoraaminosgacld@absorptionsintogdoepspot rat 
intestine. Their results led them to conclude that "Amino 
acids are absorbed at a rate higher than could be expected 
EGOne tieitmcal CUlatedmmolecularevolumey.: 2). seo ethey also 
found that ".. . the percentage absorption of amino acids 
Ea uSeOsi@withehtsindenObanieveswhiCh isminconpati ite withta 
diffusion model for amino acid uptake. "Their (amino acids) 
abpsouptionwisenot dikesditiusion, but issagpracess 


complicated sbyathespresence,ofuan accelerating (factonengre. 
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(Hober and Hober, 1937). 

Peswas snot eunevEsl95)] SwrthPines@work of Gibson and 
Wiseman that the simple diffusion theory was finally 
rejected. These researchers utilized tied off loops of rat 
small intestine and showed clearly that the “L* isomers of 
some thirteen different amino acids disappeared more rapidly 
than their “D* isomers. Wiseman (1952) using the same 
technique showed that while the “L* isomers of alanine, 
phenylalanine, methionine, histidine and isoleucine could 
be transported against a concentration gradient, the “D' 
isomers could not. This absorptive process was also shown 
to be oxygen dependent. 

Wilson and Wiseman (1953, 1954) developed the everted 
sac technique in 1953 and used it to demonstrate that the 
presence of one “L~ amino acid could inhibit the entry of 
another into the Vintestinal-enterocyte. This Vear ly ‘work 
stimulated a series of investigations characterizing the 
competition between amino acids for entry into the intestinal 
cells which®continuettodayy “This work thas "lead to the 
conclusion that there exist specific energy requiring 
pathways in the enterocytes for the transfer of amino acids 
from the lumen into the absorptive cell. 

Although this and similar work dispelled belief in the 
simple diffusion theory of amino acid absorption, it 
SuUrpeising lyeserved@tosreinftorce belief in the classical 
Eheory wore DLOtein avSOLrpelonee=Lt was reasoned’ thatert ytiére 


exists specific active mechanisms for amino acid transport 
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14 
then protein must be broken down to this level before 
absorption could possibly take place. 

Dentfandishillings (1949) hentbesupportbtorthisnsorcalled 
classical hypothesis through their examination of dogs' blood 
utilizing the then new technique of two dimensional paper 
chromatography. They showed that there was a substantial 
rise in the amino acid levels of both portal and jugular 
samples following a protein meal. Christensen et al. (1947, 
1949) provided further evidence in favor of complete protein 
degradation to amino acids when they failed to detect any 
rise in peptides in the peripheral blood of man after the 
ingestion eftgelatinewerl teiseinterestingMto mnote byae these 
workers did find a slight rise in plasma peptides following a 
protein meal in dog but dismissed the findings as 
insignificant. Subsequently many other workers demonstated 
that dietary protein was absorbed into the blood mainly as 
free amino acids in several different species (Parshin and 
Rubel, e195); eDentonret eal s7rl954-Wheelen andeMorgan),elo5e: 
Newey and Smyth, 1959). ‘To most investigators at this time 
the fact that protein entered the portal blood stream only as 
free amino acids was proof enough that degradation of a 
protein meal in the intestine must be to the amino acid stage. 
Apparently the idea that protein digestion products might be 
absorbed |into mucosal; cells in one form and*enter the blood 
stream in another had been forgotten. 

Evidence had been accumulating over the previous years 


whtem.was inconsistent with the classical theory of protein 
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15 
degradation and absorption and which it seems was ignored 
unt Pisher'’s interjection in 1954. 

Cajori (1933) ins a study of peptone absorption from 
thicy-Vellasloopsein dogs found that the rate of 
disappearance of the peptone was much faster than could be 
ACCOUMECUM_LORMOVeGNeenYarOolLyElc acthivittyeots the luminal 
enzymes. He suggested therefore, that there must 
be hydrolytic activity intimately associated with the mucosal 
cells and/or perhaps peptones were absorbed as such and 
hydrolyzed to amino acids within the cells. Earlier studies 
also had questioned the adequacy of the proteolytic activity 
oEPthe Intestinaleiumenmsto account for the rapidity o£ 
peptone absorption (Dunn and Lewis, 1921) and observed that 
peptones appeared to be taken up by the intestine much more 
quickly than corresponding mixtures of completely hydrolyzed 
DEGtcer (NOLL, lOO yeeMesserliyy 1O13)< 

Fisher! (ingarpcritugue ofthe classical theory) 71g o54, 
1967) cited this earlier work emphasizing that the time 
required for the complete digestion of protein was a matter 
of days and that it was likely therefore, that peptides 
entered the intestinal enterocyte. He pointed out that there 
must be a distinction made between the uptake of substrate 
from the lumen into the serosa and passage from the serosa 
to the blood stream and therefore experiments showing a rise 
in amino acids in the blood stream following a protein meal 
did not negate the possibility of peptide absorption from the 


lumen. 
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One of the earliest studies of peptide transport was 
EhateoOLeAgGar,eHirdeand Siadhtsined953nee These workersalooked 
at the absorption of Gly-Gly, Gly-Gly-Gly and Leu-Gly into 
the perfused rat intestine, a preparation developed by 
Fisher and Parsons (1949). They demonstrated that while most 
of the peptides were hydrolyzed before entering the blood 
stream trace amounts of both Gly-Gly and Leu-Gly appeared on 
the serosal side. Further they were able to show that the 
Gly-Gly appearing on the serosal side was the result of 
intestinal transport of the dipeptide and not the resynthesis 
from free Gly. 

The comments of Fisher as to the inadequacy of the 
evidence supporting the classical hypothesis of protein 
absorption and the results of Agar's et al. work prompted 
further study of peptide transport. Newey and Smyth (1957, 
UgS9o)estudied) themuptake of Gly—-Tyr, Gly—Leu and sGly-Gly sinto 
everted intestine of rat and into loops of dog intestine; the 
latter being an in vivo preparation. They found, as had Agar 
et al., that most of the dipeptides transferred appeared on 
the serosal side as free amino acids and that only in the 
case of Gly-Gly did significant amounts of intact dipeptide 
appear in the blood or serosal fluids. They did comment 
PW oSe possi LCwuliat weno Un Ch any COs Dep Ud Cesena mCOUL 
m . . . enter the mucosal cells from the intestinal lumen.” 
(Newey and Smyth, 1959). 


The findings of Newey and Smyth were verified the same 
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year by Wiggans and Johnston (1959) who utilized the Wiseman 
preparation of everted sacs of rat intestine. They observed 
that intact Gly-Gly did appear on the serosal side of the 
gut, following introduction of the dipeptide to the mucosal 
sunfaces= They wsuggested that Gly-GlySmight cbewmorennesistant 
to hydrolysis than other peptides thereby allowing for its 


mbactuetranspont across the mucosalebanr tens 


It was the work of Newey and Smyth from 1968 to 1964 
WiLehieyServed to i@varity the role of peptide transpoct, in 
protein digestion and brought about the eventual abandonment 
SfeLNeec lassi Gayeeneonywor protein absorption. ~ Theirs 1960 
study traced the absorption of several dipeptides (Gly-Gly, 
Cove, Gly loapeGiv— iG, Leu—-Gly) by anew ines vitro 
preparation of everted rat small intestine and an in vivo 
perfusion of rat intestinal lumen. It was shown that the 
peptidase activity in both the in ynteee and in vivo mucosal 
solutions was inadequate to account for the rate of dipeptide 
hydrolysis and disappearance observed. This lead Newey and 
Smyth to suggest that protein in the intestinal lumen 
undergoes partial hydrolysis = peptides of different sizes 
which are then absorbed into the enterocytes and hydrolyzed 
therein to amino acids. 

The work waS continued with a detailed study of Gly-Gly 
Uptakesintowin Vivowandsin vitro preparations of rat small 
intestine (Newey and Smyth, 1962). They found Gly-Gly to be 
taken up into the absorptive cells intact and subsequently 
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their previous conclusions (Newey and Smyth, 1960). They 
demonstrated further that the rate of entry of Gly-Gly was 
approximately the same as that for free Gly, despite the 
larger size of the molecule and that the dipeptide's 
transport was via a saturable mechanism which was inhibited 
by anexilaland=27—48—-tainitrophenol’s SThefauthors ardinst 
consider this as sufficient evidence to conclude that Gly-Gly 
entrance into the intestine was via a mechanism distinct from 
Ehacsutilizedeby, freewGly. 

Crane and Neuberger (19608) used "N-labelled whole 
ProLcemnein  theiristudyveol sproteintdigestiontinimants They 
ensued that a maximum concentration of "N-labelled amino 
acids appeared in the systemic blood between 38 and 5G 
minutes after the ingestion of the protein, indicating that 
the digestion and absorption process occurs more rapidly than 
had previously been assumed. These investigators concluded 
therefore, that protein must enter the mucosal cells largely 
aseuntactepeptide ;Mioldowing@antinitialerapid whtradaminal 
hvarolysis Et%8eeseby, Cocperaticoneolepepsin; Strypsinand 
chymotrypsin", therein be hydrolyzed to free amino acids and 
subsequently be released in this form into the portal blood." 
(Grane@etvals,vi960)}% 

The inadequacy of the classical hypothesis was 
emphasized by Milne (1964) who reported that the genetic 
GisonderseoreCystinucia@and Hartnup Ss diséasem@were 
demonstrable in the intestine as well as the kidney. Both 


G@isorders are characterized by the failure of the intestine 
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(or kidney) to absorb certain essential free amino acids, 
however, patients with the defect display no signs of protein 
malnutrition following a protein meal. An explanation of the 
phenomena is not possible based on a theory that protein is 
absorbed only as free amino acids from the intestine. 

Suplk, tatethisetime, there was a reluctance by the 
majority of investigators to accept the idea that peptides 
could enter the mucosal cells of the intestine. This 
Resistance arose pm tawouldsappear, from the Inability of 
Newey and Smyth and others to determine precisely the extent 
of the contribution made by intact peptide transport: and 
GevliularehydrolySis=invprote mrdigest tontand fabsoRption: 
Also a factor was the work of Ugolev (1964, 1966) whose 
research on sugar absorption demonstrated that disaccharides 
are hydrolyzed on the surface of the brush border membrane 
(surface digestion) with the resulting monosaccharides being 
taken up by the enterocyte. This sequence of events was 
assumed to apply to the transport of peptides and was 
especial lydattrachiversincelitedidinoterequiresthe 
consideration of a new mechanism for the transport of 
protein. The amino acids released from the peptide by 
surface hydrolysis would be absorbed by the well Known and 
extensively studied free amino acid transport system. The 
acceptance of this hypothesis was supported by the 
demonstration of Nachlas et al. (1960) that leucine 
aminopeptidase is only found in the brush border region of 


the intestine andaprobably)ongitsdsurfacerandsbyvthe 
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contention, held by many, that Newey and Smyth's work was 
done with an uncommon and atypical peptide. 

LHcepeSe ei nepeD Ede: transpoLtoondmel tomsiunicilcances Lo 
protein digestion waned after 1962 but was rekindled with the 
findings of Matthews et al. (1968) and Adibi et al. (1968). 

These investigators, working independently, demonstrated 
that amino acids are taken up into the intestine more rapidly 
ELOMedl and trim peptides, than from.a solutions of the 
equivalent free amino acids. 

Matthews et al. (1968) using an in vivo preparation of 
tied loops of rat intestine showed that Gly uptake from 
Ciy-GivyeandsGly—-Giy-Glyswas more rapid thanstrom aucelucion 
of the free amino acid. This work served to verify Newey and 
Smyth's observations on Gly-Gly absorption as well as their 
conclusion that the peptide must be transported into the 
absorpuive cells of the rat intestine, intact, 

Adibietoal. s( 1968) Mused a constant. inv situ perfusion 
technique to examine the relative rates of absorption of 
Gly-Gly and Gly-Leu and their constituent amino acids into 
the jejunum of man. They found that the uptake rates of 
amino acids from the dipeptides was greater than from 
mixtures of the equivalent amino acids. These workers 
Considered that their results “ . . .« suggest. thevexistence 
of another entry mechanism, besides the free amino acid 
Saurver, sor thestranspor t) ofethe. products of protein 
digestion in the intestine." (Adibi and Phillips, 1968). 


Matthews et al. (1969) extended their observations on 
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peptide absorption into in vivo loops of rat intestine, to 
include mixed di and tri peptides of Gly and Met. They found 
the mechanism of transport for Met-Met and Gly-Met to be 
Saclrapres and sthe absorption Of all amino acids to, be faster 
from the peptides than from the equivalent free amino 
mixtures, in all-cases. This investigation also noted that 
Ene Competitive inhibutory effect of Met on Gly transport, 
normally seen in mixtures of the two free amino acids, was 
avoided when the mixed peptides, Gly-Met, Met-Gly and 
Met-Gly-Met were presented to the intestinal mucosa. 

Over the next several years the kinetic advantage of 
amino acid uptake into intestinal tissue from peptides over 
free amino acids became well established in several different 
species and for a wide variety of peptides (Adibi et al., 
ere 1 Olen Gme Cael ieee Oy be lS Clea diego.) ee Cheeseman 
read eee 4 ee Oo aoe news: Ct. al. , ma 974s) Lanemecera les, 
toy) eee ACCOLGING 2eOmtisher,, Who, in 1967 Stated: . ital could 
be shown that a peptide left the intestine more rapidly than 
did an equimolar mixture of its constituent amino acids, we 
should have proof of peptide absorption whatever appeared on 
the other side of the mucosa", the above studies demonstrate 
thdteeintact,pepcide transport into the intestines does occur, 

The work of Asatoor et al. (1978) provided additional 
VEVVeserong, evidence for, ardistinct, peptide transport 
Mechanism as wells as an yindication of the nutritional 
Slaneicance Otetiiousyuem. es lielr investlgatlonminvolved.a 


study of the uptake of P -alanine, L-histidine and the 
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dipeptide peralany l>E=histidine by the intestine of a patient 
with Hartnup's disease. This inherited disease (outlined 
BEEVIOUSIY Ine this section) is =characterized iby the inabigity 
of the jejunum and renal tubules to absorb certain neutral 
amino acids including L-histidine. Using an oral tolerance 
test it was shown that while the unaffected amino acid 
pe-alaninewwas steadily absorbed, U-histidine wasmnot. 
However, when these amino acids were administered as the 
dipeptide b—-alanyl-L-histidine (carnesine). both were found to 
be absorbed normally. Some investigators at this time 
suggested that a dipeptide made up of one affected and one 
unaffected amino acid would be transported via the pathway of 
the unaffected amino acid. Asatsoor et al. (1970b), however, 
demonstrated that the affected amino acid, phenylalanine, was 
Read ity transported@when presented to the sdelectivesintestine 
as di-phenylalanine. 

Analogous results have been obtained from a study of 
patients with cystinuria, a disease in which the intestine 
Sfepattents: cannot absorby the amino acids =ornithineye lysine, 
AbGUn Pie wana cyscinies (Heller (etral., e197 Ui. Loe hes ein 
Hartnup patients, the affected free amino acids were readily 
Eyansported when wadminustered in the form son agdipeptide. 

These results strongly indicate that dipeptides are 
transported intact into the intestinal enterocyregviaka 
mechanism distinct from that utilized by free amino acids. 
Alsomthe fact thatenartnup andi cystinunics patents fdomnot 


show signs of protein malnutrition suggests that amino acid 
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absorption in the form of small peptides is of major 


nHuULBIiLttonalesigqnitreance: 


The renewed interest in the study of peptide absorption 
into intestinal tissues, stimulated by the aforementioned 
observations, has yielded additional evidence supporting the 
COncepe of a distinct peptide transport mechanism. ) The 
following is a brief summary of the more important of these 
findings together with representative examples. 

It has been shown repeatedly that the competition for a 
transport mechanism normally exhibited between free amino 
acids can be reduced or completely avoided when the same 
amino acids are constitutents of a peptide (Matthews et al., 
PO OCP eec Und Cie cilienn elo Uys 9s RUDINO et valw, los Adipiy 
1971; Cheeseman et al., 1974, 1976). Cheeseman and Parsons 
(wO7 4, 1976), studiedsthe transport of Leu and Gly and) Gly—Leu 
into the vascular bed of an in vivo preparation of perfused 
frog intestine. They showed that while the transfer of Gly 
was greatly inhibited by the presence of Leu, with Gly-Leu in 
the intestinal lumen the transfer of Gly was equal to that of 
Leu. There was no dipeptide evident in the portal blood. 

There appears to be no competition between peptides and 
amino acids for a transport mechanism when the complication 
of superficial hydrolysis is taken into account (Rubino et 
ale pelow.. echeesemanmeteal.,. 19/4; Sigrist—-Nelson, LOW 5) 
Sigrist-Nelson used radio active labels to study the uptake 
OfeGly, wLeu,) Gly (Gly—Leu) and Leu (Gly-Leu)eintomisolated rat 


intestinal brush border membranes vesicles. Gly and Leu 
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presentsingthe incubation; medium ate40) times tEhetconeentration 
of Gly-Leu failed to inhibit the transport of either labeled 
Species ofsthesdipeptide .saGonversely,eGiy-Leu at 40 times 

Ehe- concentration, of iGlyreandeLeushad’ noseffecteone the uptake 
of either free amino acid. 

Several groups have demonstrated that when the 
enbe@rocybesaobethe pintestineganesexposedptogabconcentration 
QEeconstittient amino acids that is sufficiently high to 
Saturate the free amino acid transport system, further uptake 
of these amino acids is observed upon the addition of the 
peptide (Adibi, 1971, 1974; Crampton et al., 1973; Cheeseman 
Chea le, eho 7 4, 619 76.Wa nd tand gaepoyd rAanloso, 1982) aeerhe 
previously mentioned study of Cheeseman and Parsons (1976) 
demonstrated that when the peptide Gly-Leu was added to the 
frog intestinal lumen in the presence of saturating 
COncenteat lonsisof tGliy cand theuge(.0 euM) Aniurnvierhtransiernmor 
the constituent amino acids into the vascular bed occurred. 
This additional transfer, which the authors suggest must have 
entered the intestine via an intact peptide route, was shown 
to be saturable. Other ‘saturation’ studies are discussed 
hater. ingyen s.isect 1 on: 

Other observations which support the notion of an 
independent peptide transport system have been discussed 
under separate headings, these include: the different effect 
the removal of medium Na’ has on peptide and free amino acid 
uptake, the competition for transport exhibited by peptides 


and the demonstration of intact peptide transport. 
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Presently it is regarded as established fact that 
intestinal protein digest is absorbed by the mucosal, cells 
both as free amino acids and as small peptides in 
Raber elonal kyweshonbiicant anountsmiGbn ondernto: mone finely 
outline the present understanding of the peptide absorptive 
mechanisms however, a consideration of the hydrolysis of 
protein together with the hydrolases responsible is 
necessary. 

Theginona buminale hydvo lysis lof prote husis gacconp livsied 
chiefly through the actions of pancreatic endopeptidases 
(trypsin, chymotrypsin and elastase) and exopeptidases 
(principally carboxypeptidases A and B). A trace of 
aminopeptidase activity is also associated with pancreatic 
secretions (Gray and Cooper, 1971; Kim, 1977; Matthews et 
ale 7 Si) 1. 

Studmes icauried fou inmman, edog tand i nat gimdicate fihat 
thewmatnieproductmol tune thy.dno kysiisirot edietanyeproteim during 
theeintraluminal phasemot tdigesition eis varcomphexenpxture tof 
free amino acids and small peptides, with the peptides 
predominating (Nixon and Mawer,.197@0 a, by Crampton et al., 
LO Ee Ach bike valpyialoy Ss Chung let cals 7elo 79 Ween heme mading 
thatevpeptiderconcentrationsiiare susualbyemuch iiargen than hire 
amino acids both in the jejunum and ileum establish the 
importance of peptides as a substrate for absorption sites 
(Aciimetma Way els) Meekistimates omthermeanichalimbengtiti eon 


the peptides are few but suggest a range of from two amino 
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Alege coy om 

Since peptide hydrolase activity has been shown to be 
very high in* ithe intestinal epitheliumbut* very™slight! an 
Penereaticpsecretions andeintraluminal@contents plusn thermact 
that mainly free amino acids appear in the portal blood, the 
epithelium is considered to be the site of final peptide 
hydrolysis (Josefsson and Sjostrom,, 1966;" Peters; 9 1979;eKin, 
Oar > ifatenewer DO > elo oUee Adi bDivxvet Mies e Losin. Subcellular 
fractionation studies have revealed that most of the peptide 
hydrolase activity associated with the intestinal epithelium 
is located in both the brush border membrane and the 
cytoplasmilert ractionss(Vosefsson et val 31791966 -WRhodest etual ., 
1967> Hezier et vads., 1969;!' Peters, 1970; Kimoet ait, 1972, 
OWA)? 

Brush border peptidases are considered to be active 
againsts peptides of -Erom™twor tov elght aminopacideresidues. 
Paevenydrolyzey peptides bends? sequentiald yeiroms Lhemnn, 
-terminal end of the peptide and are therefore referred to as 
aAMinosoligopeptidases# (Kim,elo7 74g Adi bimetmalk i fisslyeeethe 
brush border peptidases have been found to be distinct from 
those in the cytoplasm of the villous cells with the activity 
of each depending on the amino acid composition and chain 
length of the peptide substrate’ presented. ~About* ten percent 
Ofte the total cellular activity against dipeptidestis 
associated with the brush border membrane, the remaining 
activity being® foundsuinh the cytoplasmic® fractions iwith 


tripeptides as the substrate, 6@ percent of the peptidase 
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activity @istassociated @with tthe «brush rborder andGtheemajority 
O£ ‘the activity against tetrapéptides is found in*this 
Fraction. Peptides made up of more than four amino acid 
residues appear to be hydrolyzed exclusively by brush border 
amlno=oligopeptidases® (Robinson; 719637 Joseftssonvettal, 
BIOOpeHazrer fetal, ELI69S eK tmset Calle NOVO RL OAS Logan). 
Cytoplasmic amino-peptidase activity is mainly associated 
with di- and tripeptidase activities while amino- 
oligopeptidase activity probably represents the majority of 
the aminopeptidase activity of the intestinal brush border 
membrane. There are several lines of evidence suggesting 
that the peptidases found in the brush border membrane and 
Choserin =the cyloselfaretdistinctsgroupseoftvenzymes. The 
zymograms obtained from these two groups of enzymes differ. 
The patterns obtained from the brush border fraction show few 
bands, are homogeneous and appear not to depend on the 
substrate used. On the other hand zymograms obtained with 
cytosolic enzymes are characterized by heterogeneous multiple 
band patterns which vary according to the substrate used. 
PESiSeinteresting°that the zymograms9producedSirem cytosobic 
enzymes obtained from various organs of the rat, (liver, 
kidney, Swhalleintestine)Mare virtuallyfidentical (Kim ete@al., 
LOv7) se Kame postulabesmthererore,+that@thetpeptidases of the 
cytoplasm do not vary between organs, and that these enzymes 
(Zien. emayeplaymatmorevgeneral Trolelineceddularemetabolism.” 
(Kuinem 19 76/1) eeeaymourameparberns@obtalinegmErom brush border 


peptidases of the small intestine have been found to be 
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unique torrthis*organ™ (Kim=et aly, 91977). "Wojnarowska-and 
Gray (1975) noted the different specific activities displayed 
by intestinal brush border hydrolases as compared to their 
renal counterparts and suggested that perhaps the intestinal 
membrane peptidases are organ specific. The studies of Norén 
et al. (1977) however, show that there are similarities 
between the "intestinal brush border peptidases and the 
corresponding particulate enzymes from other tissues, a 
cPrndindgewhilchVismalsomvalid* ior cytosolichdipeptidascess*® 
(NGrenect Mal Weelo77s TheseMWorkérs Suggest that the role 
played by brush border peptidases in digestion depends on 
tnhepretocalizatron@in avparcticular»organ=and not yon 
differentiation of enzymes for a specific function. 
Coneinuedework methervarea wills clarify™=thts*poine. s5rusn 
border enzymes have been shown to be more heat stable than 
cytosolic enzymes and unlike the peptidases of the cytoplasm 
are uninhibited by p-hydroxymercuri-benzoate. It has been 
assumed for some time that di- and tripeptides containing Pro 
are hydrolyzed exclusively in the cytoplasm as peptidase 
activity against these Pro containing peptides has been shown 
to be absent from the brush border membranes of man and rat 
SCRUM aee Cully mel oor nine teal.) 71971 SACW Dimetra erm oO lane 
Recently however, Ganapathy et al. (1981) reported 
significant Gly-Pro hydrolyzing activity in highly purified 
brush border membrane vesicles of kidney and intestine in 
Papbleredog= and pig *(Ganapathy™ et als, -198i). 


Isolation and purification of two amino-oligopeptidases 
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of the brush border of rat intestine has been accomplished by 
several groups (Wojnarowska and Gray, 1975; Kim and Brophy, 
POU Og Na plod} aGkayvand.cantiago,.197 /;mekania ctedls, 
1977). The enzymes isolated while not being identical 
between groups were all found to be high molecular weight 
integral transmembrane glycoproteins with two domains. A 
hydrophillic moiety of the protein extends out of the 
membrane bilayer (representing as much as 88 percent of the 
molecule) being oriented toward the external surface of the 
microvillus membrane. This portion includes the active site 
asuwe ll as vEhe,totalesugaricontent of thenenzyme.seA,smaller 
hydrophobic peptide sequence is integrated into the lipid 
matrix thereby anchoring the protein to the membrane (Kim et 
Blame Oe LOUVaLG sebma ls. 619757 Adi bi .eteal., 290 bie che 
hydrophoibic portion of the peptidase has been shown to span 
the microvillus membrane with a portion situated at the inner 
face of the membrane (Louvard et al., 1976). AS stated by 
Wojnarowska and Gray: 

"These peptide hydrolases are strategically located 
at, thesintestinal.lumen.cell interface and possess _ bio- 
chemical characteristics making them ideally suited to 
Dlavead plvotal Golevingthesfinal Stagemoteproltein 
digestion." (Wojnarowska and Gray, 1975) 

The isolated enzymes were shown to hydrolyze a wide 
variety of peptides (including Gly-Leu) containing neutral or 
basic amino acids all requiring a free ~ -amino acid and 
L-configuration of the amino acids at the NH, -terminal and 


CoOH-terminal ends. The rate of peptide hydrolysis by brush 
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border peptidases is influenced by the chain length of the 
Substrate. Wojnarowska and Gray (1975) noted that the major 
enzyme they isolated (oligopeptidase II) hydrolyzed tri- and 
tetcraspeptidesitatl arfaster frate fthan tdipeptides ie The 
deta mreditstudy om Wan laljeu als) Glo 7i7))pealys of Lwor Wing With 
amino-oligopeptidase II found that for each series of 
peptides tested, the addition of a third amino acid residue 
increased both the affinity of the substrate for the enzyme 
and@therratesoi hydrolysis andl niothe eccasefofieniemPhempeptides, 
the addition of a fourth residue lowered the Km but brought 
about no further increase in the rate of hydrolysis over that 
found for the tripeptide. Other factors determining the 
efficiency of the hydrolysis of peptides is discussed later 
ine thus eseotiony 

Tie sigue ma ce wusratr. hydrolysis of small peptides is 
accomplished by the aminopeptidases of the cytosol. The 
Great Mayorityromecthe yoytosol, peptidase activiityiiis, against 
div-—wand euripeptides! although} Chungiret raliic(o/9)etpresents 
evidence for the intact transport of a tetrapeptide into rat 
small intestine in vivo which is apparently hydrolyzed within 
eiemmucosal-calblenuieiost; if not all, di— and tripeptides can 
be hydrolyzed by both brush border and cytosol peptidases and 
as in the brush border, peptides are hydrolyzed in» the 
Gy coplasm et hom tthe wNH ee terminalscend., “here aresseveral 
dipeptidases in the cytoplasm of the intestinal mucosal cells 
each with different although overlapping substrate 


specificities but some have an exceptionally broad range of 
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substrates. 


A true dipeptidase with a wide substrate specificity 
has been isolated and purified from the intestine of pig 
(Norén et al., 1971, 1973) and of monkey (Das et al., 1973). 
This enzyme was found to be active against Gly-Leu (and hence 
has been named Gly-Leu dipeptidase) as well as nearly all the 
neutral dipeptide substrates tested with the exception of 
Gly-Gly, Gly-Pro, Gly-His and some dipeptides composed of 
Dasice of acidicwamino acids. “Ilnvestigators ‘consider tac 
Gly-Leu dipeptidase is responsible for most of the 
intracellular dipeptidase activity of the intestine 
(Josersson et aikael97 7s PAd roi ete ale: 429819" 

A cytoplasmic aminotripeptidase has been isolated which 
has ay broad Substrate ™specitrelty* tor tripepta destwitiveda free 
~-Nite = group, a free™<-COOH group and’ *L—configurations of the 
birsteecwo amino acia vesrdaues (Adibi ’et@al =, TOS) -eeThis 
enzyme differs from the brush border amino-oligopeptidases in 
that it does not hydrolyze peptides larger than three amino 
acid residues long and will hydrolyze tripeptides with a Pro 


Soecilem Ni et Ceritiiiuor 


Peptide Moleculanm Structure as at Affecuss Uptakemand 
Hydrolysis by the Intestinal Musocsal Cells 


ATtchougn there stia exists a need lom dy systematnc 
study of the subject, several investigations have 


demonstrated that the molecular structure of a peptide 
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Mt luences,itshaffiwityeéfor other transportusirerastwelilas the 
degree of hydrolysis it undergoes at the intestinal brush 


border. 


Sterioisomerism 

The peptide transport system of the small intestine 
Favors peptides made up of L-amino acids. Peptides 
containing D-amino acids appear to be transported via the 
Samersystem@as Lthoseimade upmot L=amino#@acidsebutnar a 
reduced rate. Also the presence of D-amino acids reduces the 
rate of hydrolysis. by -the Pe ii iaae of the intestinal 
epithelium. 

Thethact that leheSintroduction iof falmD=-amino Vacidvresidue 
reduces the rate of transport of a dipeptide was first shown 
byaburstonget tal ye(b9729i8 whey moted  tthatwGl y=D=Val was 
transported very slowly by rings of everted rat ‘gut vand “that 
hydrolysis of the dipeptide was also reduced which was 
evidenced by the appearance of intact peptide in the 
Intwmacel lular nil urd. 

Gheeseman: and: Smyth «(1972 1973)» found “the: D—-Leu-Gly. 
transport, into everted wacs of rat ileum while being “slow, 
occurred via a saturable mechanism apparently shared by 
L-Leu-L-Ala. They reported that D-Leu-Gly was hydrolyzed 
only slightly by homogenates of the small intestine. 
Additional evidence that peptides containing D-amino acid 
residues are transported by the same carrier system as those 


made up of L-amino acid residues was provided by Addison et 
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al. (1975). These workers observed that Gly-D-Leu, which was 
poorly transported, inhibited the uptake of Gly-Sar-Sar 
though much more weakly than did L-Gly-L-Leu. The presence 
ofsD=amnine ,acids,apparently reduces: affinityn for, the 
EkanspoceasysS tem. 

TheastudyaecarracdmoutebyeAsSatoor et alia) (1973) 7on the 
transport and hydrolysis of dipeptides containing D-amino 
acid residues remains the most thorough to date. They 
observed that L-Ala-L-Phe and L-Leu-L-Leu were taken up into 
loops of tied rat small intestine at rates many times greater 
than those of their D-D and L-D isomers although the L-D 
isomers were taken up more quickly than the D-D isomers. The 
major portion of the absorption of both D-Ala-D-Phe and 
D-Leu-D-Leu was/concluded to occur in the ileum since the 
rates of uptake were much greater there than in the jejunum. 
Hydrolysis of D-Ala-D-Phe, D-Leu-D-Leu and Gly-D-Trp was 
Slugat prakbimon sthesesdipeptidesgappearing intact in 
Signipicant~quantitiesvinetheyuninesol thestestsanimals, 
Finally, in the jejunum the rate of absorption of Gly, D-Ala, 
D-Leu-D-Phe, D-Trp, D-Ala-D-Phe, D-Leu-D-Leu and Gly-D-Trp 
was Shown to decrease with the increasing molecular weights 
suggesting a large simple diffusive component to their 
Uptakes.sThis relationship wasenot) found jin-thetileum. 

Recently Boyd and Ward (1982) completed a microelectrode 
study of several aspects of oligopeptide transport into the 
small intestine of the mudpuppy (Necturus maculosus). As 


part of this work they showed that while the entry of L-Leu- 
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L-Leu was associated with a depolarization of the intestinal 
cell membrane, the exposure of the mucosal cells to the D-D 
born *oObetive Soeptide producedonly a very slight alteration in 
MemMorane potentials ~The authors ianteroret this stommean that 
the L-L configuration of the peptide was transported much 


more readily than the D-D form. 


Amino Acid Side Chains 

Very little information is available in the literature 
regarding the influence amino acid side chain structure has 
on peptide transport. 

Adibi et al. (1974) found that Gly-Leu and Leu-Gly were 
absorbed better than Gly-Gly into human jejunum. They 
imeerpreted thie data faseaneindicationvthatelongerpschain 
amino acids whether in the amino terminal or carboxyl 
terminal positions, increases a dipeptide's affinity for the 
GCarpeier Ssystem (Adib eteal ye ibosl) 

Kan ta vettaliy('977 ) sear ried outta “kineticPpanalysits@o£ 
the major rat intestinal surface membrane aminopeptidase 
(amino-oligopeptidase II) with oligopeptide substrates. 
herr restlesPindicate that®a bulky side®chain one theanty— 
terminal amino acid of a peptide increases the affinity of 
the substrate for the enzyme as well as increasing hydrolytic 
rates. However, no decrease in Km with increasing length of 
theesirde=-chains onthe carboxyl terminal aminoyacids#ort 
peptides could be demonstrated. The rate of the hydrolysis 


of peptides with Leu as the NH -terminal amino acid was shown 
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to incrase proportionally as the length of the side chains of 
the COOH-terminal amino acid increased. This effect was not 


observed with other peptides. 


Amino Terminal Group 


Evidence in the literature suggests that any 
substitution of the amino terminal group of dipeptides 
results intgreatly pedtced affinity for transport sites. 
Acetylation of the NH -terminal group of Gly-Gly reduced this 
peptide's ability to inhibit the uptake of Gly-Pro (Rubino et 
ale, Stoel -Ala-Hiss(Addisonsetwals,al9¢4i97 andwGly=Sarn-sar 
(Addrsonlet Gl pnlogs )PereThesmethylaticonye&) the Nive vernmina | 
group (Sar-Gly) resulted in poor uptake and hydrolysis 
(Burstoneet alls pel972) fasawellpasefailurehtosinhilbatwthe 
thansportuot Gly=-Sar—-Sarnt(Addisony. 1975) 2 eDasiand 
Radhakrishnan (1975) concluded that the N-terminal, «-amino 
group is important in determining uptake since 
N-benzyloxycarbonyl-Gly-Leu was found to be a poor inhibitor 
of Gly-Leu transport. Also Amaya-F et al. (1976) demonstrated 
thattn, N-die(l<deoxy—-2-Ketosyl)=Gly-Leu "was notetakenvupsby 
aneih Vivoupreparation#oferatismall intestine, e@noriwas, this 
dipeptide hydroyzed to any extent by Leu-aminopeptidase. 

Kaniaset al .(1977 )ehaseshowne thate thesatiinitynor 
dipeptides for the major rat intestinal surface membrane 
aminopeptidase as well as their rate of hydrolysis may vary 
aecording to the amino acid residue at the NH, -terminal 


position. They found that the Leu group provided a "marked 
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kinetic advantage over most of the NH, -terminal amino acids 
tested." This advantage was most notable when Leu dipeptide 
hydrolytic rates and affinities were compared to those of Gly 
and Val dipeptides, the former having hydrolytic coefficients 
one? tomtwor orders of magnitudes highert thang thestatter .<sThis 
data is compatible with the observation that Leu-Gly 
MyYULOLYSis ise greater An frog) intestinel thansisethaty of 


Gly-Leu (Cheeseman et al., 1976). 


Carboxyl Terminal Group 


Addison et al. (1974, 1975) were able to show that the 
methylation of the carboxyl groups of Gly-Gly and Gly-Gly-Gly 
eliminated the ability of these peptides to inhibit 
Gly-Sar-Sar andW-Ala-His) absorption into’ hamster jejunum in 
vitro. ‘This same study found»that, the esterification of 
Asp-Phe to produce Asp-Phe-OMe significantly reduced its 
abRerowestOminhibiateGly-Sar-Sar absorption (Addison et al. 
1975). Although based solely on competition studies many 
authors have concluded that the amidation and/or 
esterification of the carboxyl group of dipeptides reduces 
there vareinity “for “transport mechanism (Adda@sion (/21974,, 1975; 
Matthews, 19175, 980s Adibi vet mal. ~ 19 3l4)i- 

The rate Sot hydrolysis of “dipept idesishastbeensshown to 
be an order of magnitude higher when their COOH-terminal 
pesiduemrseveuror SPherthan wwhen-it siseGly (Kania geteql., 
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Elongation of the Peptide Chain and Substitution of the 
Peptide Bond 


Studies have shown that f-Ala-His, P-Asp-Gly and 
p-Ala-Gly-Gly, while being poorly hydrolyzed are transported 
into hamster jejunum in vitro and that this transport can be 
inhibited by various other peptides which have an «-amino 
acrda( Matthews m0 74 eAdd iisivon Retina lore 97:4 Raye SEL 5 
This has led to the conclusion that the elongation of the 
peptide length by the insertion of an ‘extra' carbon between 
the NH, -terminal group and the peptide bond effects 
hydrolysis ob sthnesdipeptide but not its abktinity for the 
peptide transport mechanism. However, the insertion of two 
“extra' carbons, a ylinkage, appears to be incompatible with 
dipeppide transport. BurstontetralsfAe(1972) jobservedSthnat Spe 
Glu-Glu was transported very poorly into rat small intestine 
and was hydrolyzed slowly, intact peptide appearing in the 
rmunacellibaneeluvdas 

Additso nite titaly wa (1 92) elo 7991 9.75) ethroughttheilmesttdires 
on Gly-Sar uptake have concluded that methylation of the 
nitrogen of the peptide bond of a dipeptide appears to reduce 
iyidrolysirs but thot Reransportes elt ‘is Sinteresting, tolicterthat 
Gly-Sar as well as Gly-Sar-Sar are the only peptides which 
have been demonstrated to be actively transported into 
intestinal tissue. 

Although the dipeptide, Gly-Pro has a substituted 
peptide bond, its transport has been dmonstrated by several 
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Radhakinishnan pelo 75; «Ganapathyeethal npel97.9 peo Sore biltewould 
appear that Gly-Pro is hydrolyzed more slowly than many 
dipeptides an observation which has been attributed to the 
Substituted peptide bond (Matthews et al., 1975, 1980). 
A@lange proportion sof asthe estudtes carr iedmoutste 
determine the influence molecular structure has on peptide 
transport and hydrolysis have been done in hamster uSing 
Gly—-Sar tand Ghy-Sar—-Sar. ,.Obviously stherewis =a tneed ofor 
further work on this subject utilizing other species and more 


common peptides. 


Hydrolysis of Peptides 


It is now well established that di- and tripeptide 
upcakemrs gtheuresult pofethnee processes: (ds) enydrobysisiepy 
luminal enzymes followed by absorption of the liberated free 
amino acids; (2) hydrolysis by membrane bound aminopeptidases 
followed by absorption of the liberated free amino acids and 
(3) intact absorption followed by intracellular hydrolysis 
(AG +539) 61-977 lesiMatt hewsieel 9754 1980)... Lalntra—luminal 
hydrolysis appears to play only a very minor role (Kim et 
al., 1977) so the major question is the relative importance 
of surface hydrolysis followed by free amino absorption and 
intact peptide uptake. Estimates of the relative importance 
of these two processes has revealed that it is likely to vary 
from peptide to peptide. 

Fern et al. (1969) estimated the surface hydrolysis of 


Leu-Leu, Leu-Gly, Gly-Leu and Gly-Gly by everted rings of rat 
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jejunum in vitro by determining the percentage inhibition of 
feymc) TLet uptake caused by each dipeptide. They reasoned 
that it was the free amino acids released by surface 
hydrolysis which would bring about the observed inhibition of 
Leu uptake. The results indicated that at 1 mM concentration 
of the dipeptides, Leu-Leu was 5@ percent hydrolyzed, and 
both Leu-Gly and Gly-Leu were about 35 percent hydrolyzed. 
They noted that Gly-Gly was hydrolyzed much more slowly and 
intact dipeptide was found in the tissue. 

Both) Cheng set yal. 4(1970)) and Caspary (1973) have 
utilized the snake venom L-amino oxidase in their studies of 
dipeptide uptake into everted rings of intestine in vitro. 
The enzyme which destroys L-amino acids by oxidative 
deamination but has no effect on dipeptides was shown to 
reduce Met (Met-Met) transport by slightly more than 5@ 
percent and to reduce Met (Met-Gly) and Met (Gly-Met) to even 
lower levels while Gly transport was unaffected (Cheng et 
al., 1970). Caspary found that the enzyme approximately 
halved the uptake of Met (Met-Met), Leu (Gly-Leu), Leu 
(Leu-Gly) and Leu (Leu-Leu). These authors suggested that 
the reduction in uptake of these dipeptides caused by the 
L-amino oxidase was probably a result of the destruction of 
the amino acids liberated by superficial hydrolysis and that 
the remaining uptake was via a process insensitive to the 
Bnzyme,ed.c.,hintact dipeptide transport. WAlsomsinceyonly 
free amino acids were demonstrable in the intracellular fluid 


these results indicate that the final hydrolysis of these 
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dipeptides must occur at a site which is inaccesible to the 


enzyme (intramembrane or intracellular hydrolysis). 


Adibi's (1971) investigation of the disappearance rates 
of Gly-Leu and Gly-Gly from the jejunum and ileum of man 
yields results which differ from the above. The presence of 
a saturating concentration of isoleucine produced only a 13 
percent reduction in Leu (Gly-Leu) influx suggesting that the 
major portion of Gly-Leu transport into the mucosal cell is 
via an intact transport route. The uptake of Gly-Gly was 
completely unaffected by the presence of saturating 
concentrations of free Leu. Since Leu has been shown to have 
amuch iigher aLiinity or ta carrier shared with Gly 
(Cheeseman and Parsons, 1976; Himukai and Hoshi, 1979) this 
observation indicates that Gly-Gly influx must be exclusively 
ase chemintact dipevtide. 

Cheeseman and Parsons (1974, 1976) perfused the small 
intestine of the frog (Rana pipiens) with either Gly-Leu or 
Leu-Gly in the presence of a saturating concentration of free 
Leu and looked at the appearance of Gly and Leu in the 
vascular bed. With the free amino acid transport system 
saturated the authors assumed that any further transfer of 
amino acids from either of the dipeptides would have to be 
Vicgmtniemintcact, thansporteroute. =from this procedures they, 
estimated that 6@ pecent of Gly-Leu and Leu-Gly transport was 
EhesLesulLeOLeintactspeptide absorption and theretorestnat 
about 48 percent of these dipeptides presented to the 


intestinal mucosa underwent superficial hydrolysis. 
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The saturation technique was utilized by Crampton et 
al., (1973) in their investigation of Met-Met and Gly-Gly 
avpSorpelom intostied Gloops oftrat intestineminevivo as With 
the free Met uptake system saturated with 100 mM free Met, it 
can be calculated from their data that intact Met-Met 
transport accounted for some 68 percent of the observed 
uptake in the most proximal loops studied (duodenum and upper 
jejunum); about 89 percent in the following two loops (lower 
jejunum and upper ileum) and approximately 5@ percent in the 
more idistalwloepsm@lower jileum). (The absonptionhof Glhy-Gly 
was determined to involve the uptake of intact dipeptide 
exclusively. 

More recently Rosen-Levin et al. (1979) found that the 
disappearance of Leu-Gly-Gly and Leu-Leu from the perfused 
Stiali@intestinesobm@rat mivivogwassreducedeby se landig5i 
percent respectively in the presence of 20 mM Gly-Pro. These 
workers considered this reduction to be due to the blocking 
of intact peptide transport by Gly=Pro and that the remaining 
uptake of Leu and Gly was via the free amino acid transport 
system following their liberation from the peptide by surface 
hydrolysis. Additional evidence was obtained through the use 
of either @.1 mM phthalimido or Ala-f-naphthylamide (190 mM) 
both of which inhibit brush border aminopeptidases without 
attccting titactetranspoutee In Lherpresencenol Ronesgorethese 
inhibitors Leu-Gly-Gly transport was reduced by 64 percent 
and Leu-Leu uptake by 49 percent. This reduction was 


GConsideredsto. be due to the inhibition of ‘Surtaceshydrolysis 
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thereby allowing only intact transport to take place. These 
results indicate that for Leu-Gly-Gly uptake surface 
hydrolysis followed by the uptake of free amino acids plays a 
slightly greater role in assimilation than intact transport 
while for Leu-Leu transport both processes are of equal 
importance. 

Himukai and Hoshi (1979) studied the uptake of Leu 
(Gly-Leu) and Gly (Gly-Leu) into isolated everted segments of 
guinea pig intestine. They noted that Leu (Gly-Leu) influx 
was about twice that of Gly (Gly-Leu) and also that the 
Saturation of the free amino acid uptake system reduced Leu 
(Gly-Leu) uptake by 46 to 64 percent but had no effect on Gly 
(Gly-Leu) transport. They concluded that Leu (Gly-Leu) 
uptake proceeds approximately equally via both the intact 
peptide and free amino acid transport systems while Gly 
(Gly-Leu) Sinfilux occurs yia an intact peptide transport 
mechanism exclusively. 

Yasumoto et al. (1980) were able to reduce Gly-Leu 
influx sinto isolated epithelial cell of rat intestinesby 5¥ 
percent using a potent aminopeptidase inhibitor, bestatin, as 
well as demonstrate intracellular intact Gly-Leu in the 
presence of the inhibitor. This was taken by the authors as 
proof that Gly-Leu transport is mediated by the two processes 
CEeintactweransportscollowed by hydrolysis sandehydrolysis 
preceeding transport and that they contribute almost equally 


impthner uptake, ofeGly—Leu. 
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Maximum Size of Transported Peptides 
Matthewseetval. (1968) studiedsthe uptake ore di—,.) tri— 


and tetraglycine into tied loops of rat intestine and found 
that Gly uptake was more rapid from each of the peptides than 
from a solution of the free amino acid. They concluded that 
all of the oligopeptides must therefore be transported 
intact. The following year Matthews et al. (1969) determined 
that both Met and Gly were transported more rapidly when 
presented as oligopeptides of Met alone or as the mixed 
dipeptide. Trimethionine was the largest peptide used. 

In apparent contrast to the above work Peters et al. 
(1979) found only free sGly and Gly-Gly in the plasma and 
lymph of rats following intra-duodenal infusion of high 
Goncentratclons OLsGly vandeGly oligopeptides (up tomand 
including tetra-Gly). Since Peters et al. previous work 
(L968) indicated thatwmost, dipeptidase activity of the rat 
enterocyte was in the cytosol and that longer peptides were 
cleaved to free amino acids or dipeptides, it was concluded 
that only free Gly and Gly-Gly were transported into the 
ENneerocyte. 

Edwards (1978) utilized tied loops of rat small 
intestine in vivo and demonstrated that Gly-Gly and Gly-Gly- 
Gly inhibited (#-Ala-His uptake but had no effect on Leu-Gly 
transport. This was considered evidence that tri-Gly was 
transported via a route shared with (#-Ala-His but not 


Lbeu-Gly.s Both Addisonseural. » (1975) and-sSleisenger et al’. 
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(1976) showed that the poorly hydrolyzed di- and tri-peptides 
Gly-Sar and Gly-Sar-Sar were transported into rings of 
everted guinea pig intestine in vitro. They found, however, 
that the tetra peptide Gly-Sar-Sar-Sar was not taken up into 
the intestinal rings except very slowly and suggested 
therefore, that tri-peptides may be the largest peptides 
transported. 

Adibi and Morse (1977) found that of the peptides of Gly 
studgedponly di= and tra=Glyt were transported®intactnintoethe 
absorptive cells of human jejunum and everted rings of rat 
small intestine. The disappearance of hexa-, penta- and 
tetra-Gly was attributed to their being hydrolyzed by brush 
border amino-oligopeptidases ee smaller peptides and 
free-Gly and absorbed as such. Smithson and Gray (1977) 
demonstrated that the tetrapeptide Gly-Leu-Gly-Gly was not 
EEansportedsintactwante either antin® vVivotorainevitro 
PErepdration ofarawy yequnum. -Sin’contrast)tolthese: findings 
ehungpet®al .7 (2979) have reported that?50 perecentsoft the 
transport of the tetrapeptide Leu-Gly-Gly-Gly into rat 
intestine is via an intact peptide route not shared by 
Leu-Gly or Leu-Gly-Gly. They showed that L-alanine which 
ealised™no inhibition® o£ Leu (Leu-Gly) -or’ Leu. (Leu-Gly=Gly) 
uptake reduced Leu (Leu-Gly-Gly-Gly) transport by 5@ percent. 
Also the use of 28 mM L-Alanyl-f -naphthylamide which 
inhibits brush border aminopeptidase activity had little 
effect on Leu (Leu-Gly-Gly-Gly) absorption. Burston et al. 


(1979) investigated the uptake of Leu-Gly-Gly-Gly as well as 
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Ala-Gly-Gly-Gly into rat and hamster everted intestinal rings 
and could find no evidence for intact transport of these 
tetrapeptides. 

While Gly-Gly and Gly-Gly-Gly were found to cause large 
and persisting depolarizations of the intestinal enterocyte 
membrane of mudpuppy, the tetrapeptide, Gly-Gly-Gly-Gly, had 
no effect whatsoever on the membrane resting potential (Boyd 
and Ward, 1982). It was assumed therefore, that the 
tetrapeptide was not transported ". . . suggesting an upper 
limit of three amino acid residues for intestinal 


oligopeptide transport" (Boyd and Ward, 1982). 


The Nature of the Mediated Transport of Peptides 


The process of peptide transport displays saturation 
kinetics as well as specificity for the substrate transported 
(Matthews, 1975, 1988). It is therefore considered 
established that the mechanism responsible is mediated 
transport. What is less clear is whether this mediated 
system is active or passive. An active transport process may 
be defined as ". .. the energy-requiring movement of a 
metabolite or an inorganic ion across a membrane against a 
Goadlenbrop concentration.” i(Lehninger 119.75) Seeingorder to 
establish that peptide transport is the result of an active 
uptake mechanism therefore requires the demonstration that 
peptides are accumulated or concentrated within the 
enterocyte and also that this uptake is dependent on 


metabolic energy. 


The 
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As early as 1962 Newey and Smyth showed that peptide 
transport into the small intestine was apparently inhibited 
byanoxtawandsmetabolver inhibitors@butlmore direct@proot of 
ace VGetranspeneewaseaittrcult ee Thesdemonstrationeoreintact 
peptide within the intestinal enterocyte accumulating against 
MesseCOncenterate Ona gnhadit ene siscemaderdtericulite by=sthe rapidity 
with which most small dipeptides are hydrolyzed within the’ 
mucosal cells.4 in®an: effort? to° circumvent’ this’problem; 
Addision et al. (1972) studied the uptake of a readily 
transported but poorly hydrolyzed peptide, Gly-Sar. They 
found that this dipeptide was accumulated intact against an 
electrochemical gradient into rings of everted hamster 
intestine. Further they demonstrated that this accumulation 
Was signi ticantiyy inhabited byPanoxia, 2, @2-dinitropimenol and 
by the absence of medium Na’ . These workers found very 
Similar’ results™in their’ study of the tripeptideyGly—Sar-Sar 
uptake into everted hamster intestinal rings and concluded 
that the uptake of both Gly-Sar and Gly-Sar-Sar must be via 
an active transport system (Addision et al., 1974). 

Matthews et al. (1974) looked at the uptake of PB- 
Ala-His (carnosine), a dipeptide which is hydrolyzed even 
MoLewpoOOrly thane aly—-sat,euncto-. rings: of) ever tedmhanster 
FejuNnuMe 8 Their results indicate ‘that’ like’ Gly-Sarm, carnosine 
was concentrated by the intestinal rings, the uptake being 
saturable and apparently conforming to Michaelis-Menton type 
kinetics. Carnosine transport was reduced by anoxia, 


‘ +... 
metabolic inhibitors and the replacement of medium Na with 
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kiicy Choline andak -e 

Addision et al. (1975) examined the transport of the 
pooRty hydrolyzed tripeptide We -Ala-Gly-Glyaintoehamster 
intestinal rings. They found that while its uptake was 
inhibited by anoxia and metabolic inhibitors accumulation of 
the peptide could not be demonstrated. 

The work of Cheeseman and Parsons (1976) and Cheeseman 
(1977, 1988) suggests, in contrast to the aforementioned 
investigations, that peptide transport in the intestine is 
via a passive mediated mechanism. The uptake of both Leu 
(eLy-Leujwandmheun (Leu-Gily)eintohkhan  ingvivebperfusion 
preparation of the frog (Rs pipiens) «intestine reached -much 
lower tissue concentrations than did the constituent free 
amino acids during the stop flow portion of the procedure 
(Cheeseman and Parsons, 1976). This observation was 
considered evidence in favor of a nonconcentrative mechanism 
for the transport of these dipeptides. Subsequently, 
Cheeseman (1977, 1988) using the same in vivo preparation 
verified the extremely poor accumulation of Leu (Gly-Leu) and 
GuLche rn ( ineshagoecont hastntouMatthews' G@findings)rthat 
carnosine was not concentrated within the enterocytes during 
the one hour stopped vascular flow to levels above that in 
the incubation medium. This latter observation was repeated 
using everted tissue rings in vitro. Commenting on these 
observations Cheeseman (1988) points out that when intestinal 
enterocytes have an intact vascular flow, i.e., in vivo 


preparations, substrates are cleared rapidly and accumulation 
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never occurs. Also the rapid hydrolysis which most peptides 
undergo in the cytosol of the mucosal cells creates a natural 
downhill gradient from the lumen into the enterocyte. Hence 
entry of peptides into the absorptive cells need not be 
active. 

The Na~ =GOupLed  thanSport sof amino acids into, tue 
intestine is now accepted. The role of Nat in the transport 
of peptides however, is still a contentious issue. Those who 
maintain that peptide transport is an active process envisage 
the coupling of Na to peptide transport as the source of 
energy, sdriving the substrate uphill against its 
electrochemical gradient, as Na’ diffuses into the enterocyte 
down its concentration gradient maintained by the (Na-K )- 
ATPase. The elucidation of the part played by Nat in peptide 
transport is important in understanding the mechanism and is 


discussed separately in the following section. 


Nat Dependency of Peptide Transport 


In 1971, Rubino et al. noted that replacement of medium 
Na’ with choline reduced the uptake of Gly (Gly—Pro)winto 
rabbit ileal mucosa in vitro by decreasing the apparent Vmax 
of the process whereas the absence of the cation reduced free 
GlVecCiranspoLt Dy imclLeasing the Kt. They foundvalsos thats the 
appreciable influx of Gly (Gly-Pro) remaining in the near 
absence of Nat WasmUuOOMlantgenLo be attributed to simple 
eaehe(bisehey aia 


The investigations outlined in the previous Section 
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(Active Transport of Peptides) studying the transport of 
Gly-Sar, Gly-Sar—Sar, carnosine and Pp Ala-Gly-Gly into 
hamster jejunum in vitro found all of these peptides to be 
inhibited, to varying degrees, by the removal of medium Nemeae 
The authors in each case concluded therefore, that peptide 
chancpouuels Nav dependent (Addision et al., 1972, TO7T4e 
VO 57) Matthews,. 197/4).. 

More recently Ganapathy and Radhakrishnan (1979) made 
use of the drug harmaline in their effort to determine the 
Polemolayed) bysNaw sins thertranslocation of Gly-Leu and 
Gly-Pro across the intestinal membrane of strips of monkey 
ileum. Harmaline, a reputed inhibitor of Nat dependent 
transport mechanisms, was found to reduce Gly-Pro uptake by 
about So percent) and Gly-Leul intlux by 5/ percent. |The 
simple removal of Nat from the incubation medium had very 
Similar effects. These investigators concluded that while 
the transport of dipeptides is at least partially dependent 
on medium Nat , the Signieicant transport remaining anesthe 
absence of Na’ must occur via a mediated mechanism since it 
was inhibited by the presence of other dipeptides. 

As noted earlier the transport of dipeptides into 
mudpuppy intestine is rheogenic (Boyd and Ward, 1982). The 
authors point out that the dipeptides studied (Leu-Leu, 
Giy—-PEouand Catnosineymare tall] uncharged at thevpHiyot the 
medium employed (7.25) indicating that the influx of the 
dipeptides themselves did not depolarize the intestinal cells 


but that dipeptide transport must be associated with the flux 
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of an ionic species. While this data is consistent with the 
theory of the Nat -coupled transport of dipeptides, it was 
found that unlike free amino acid influx, dipeptides persist 
in producing electrical effects even in the absence of medium 
Nat, Boyd and Ward (1982) suggest that the rapid 
intracellular hydrolysis of dipeptides might maintian a 
concentration gradient sufficient to drive Nat -coupled 
peptide entry even with Na concentrations at very low 
levels. 

In contrast to the above studies there are reports in 
the literature which claim to demonstrate the Na’ 
independence of peptide uptake into intestinal tissue. 

As discussed previously Cheeseman and Parsons (1974, 
1976) in their study of the uptake of Gly-Leu and Leu-Gly by 
the frog small intestine showed that with the free amino acid 
transport system saturated with free Leu and Gly, additional 
influx of both these amino acids occurred following the 
introduction of either Gly-Leu or Leu-Gly into the lumen. 
They reasoned that this additional transport must have been 
via an intact peptide route and demonstrated it to be 
unaffected by the removal of Nat from the luminal solutions. 
These observations lead Cheeseman and Parsons to propose a 
model for dipeptide absorption into the small intestine which 
Suggests that Leune(Gly—Leu) or Leu (Lbeu-Gily) can encer “the 
intestinal enterocyte via two distinct routes: one being an 
intact peptide transport system is Na’ independent and 


non-concentrative and another corresponding to the usual free 
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amino acid uptake system which is known to be Nat dependent 
and capable of accumulating its substrates. The latter route 
would be utilized by amino acids freed from dipeptides during 
surface hydrolysis. Cheeseman (1977, 19808) extended the 
above observations demonstrating that 6 -Ala-His (carnosine) 
was taken up into the anuran small intestine via a Na’ 
independent mechanism. 

Sigmist-=Nelsony (19/5) studiedFthe transport cfeGly; Leu 
and Gly-Leu into isolated brush border membranes of rat small 
intestine. Although she reached no conclusion as to the role 
of Na’ in Gly-Leu transport, it was noted that Nat 
replacement had a lesser effect on the dipeptide's uptake 
than on free Leu absorption. 

Gly-Gly transport into isolated ileum of guinea pig was 
found to be reduced only slightly following the total 
replacement of Na’ in the incubation medium, whereas Gly 
uptake was abolished (Himukai and Hoshi, 1978). These 
authors noted that the omission of Na’ caused a small 
increase in the Kt for Gly-Gly transport but the Vmax of the 
process was unaffected. The fact that the Vmax was unchanged 
Suggested to these workers that superficial hydrolysis with 
subsequent transport of the liberated monomer may not be 
involvedrin the transport of Gly’ (Gly-GLy).) eThes following 
year Himukai and Hoshi (1979) observed that while Gly 
(Gly-Leu) uptake into isolated guinea pig ileum was 
unaffected by Nat replacement with D-mannitol, Leu (Gly-Leu) 


transport was reduced by 5@ percent. This discrepancy, they 
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reasoned, arises from the fact that Gly (Gly-Leu) uptake 
occurs only via the intact peptide transport route while Leu 


(Gly-Leu) absorption utilizes both the intact mechanism which 


+ + 


is Na’ independent plus the Na’ dependent free amino acid 


system following surface hydrolysis and the release of free 


uy removal. 


Leu. Only this latter process is eliminated by Na 
Ganapathy see al, (1989) *studited@the primary 

translocation step in the uptake of Gly-Pro into purified 

intestinal and renal brush border vesicles. These membrane 


us =i a )-ATPase and 


vesicles were shown to be devoid of (Na 
cytoplasmic components, thereby simplifying the 
interpretation of the results. The determinations showed 
that Gly-Pro transport was the same from NaCl and KCl 
solutions into both intestinal and renal vesicles. Further, 
it was found that while L-Ala influx was stimulated by the 
introduction of a Na’ gradient across the brush border 
membrane of both preparations, the transport of Gly-Pro was 
Uinaiwe eetved -Finesharp contyast to’ Ganapathy and 
Radhakepishnan 5S eCL979)* findings © theaddition of@narmaiine (2 
mMypStoMmehe™@incubation=-medium had no eriect on Gly—Pro 
transport into renal or intestinal vesicles either in the 
presence or absence of Na’ mem ne saAuLnonpseconcludeqs that 
"This work clearly demonstrates that the dipeptide transport 


into intestinal and renal brush border vesicles is totally Nat 


independent" (Ganapathy et al., 1980). 


Speciticity of Peptides Transport Route(s) 


The interpretation of the results as well as the design 
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of the many experiments carried out in an effort to determine 
the multiplicity of the peptide uptake system has divided 
investigators to two groups. One group suggests that there 
is but one route available for intact peptide transport while 
the other proposes the existence of at least two and perhaps 
aS Many as three separate uptake systems. 

Muchsiof thet jiconfus ions iny-thistarea, has¥arisen Gromythe 
failure of several workers to take into account the 
complicating factors of superficial hydrolysis, experienced 
by most peptides to varying degrees, when designing their 
experiments and interpreting the results therefrom. Clearly 
such an oversight makes it impossible to determine whether 
the competitive inhibition observed is a result of 
interactions between the peptides themselves or between their 
constituent amino acids released by hydrolases at the 
membrane surface. 

The evidence for and against the existence of multiple 
pathways for peptide transport consists of demonstrations 
that one peptide does or does not inhibit the uptake of 
Anotherepeptidesay lieute isy tol bes.convincanglyeproveny chat 
peptides share the same uptake route their mutual inhibition 
must be shown to be of a competitive nature. 

Rubino et al. (1971). provided evidence for) the uptake of 
peptides via one common carrier system with their 
demonstration that Gly (Gly-Pro) uptake,.into.rabbit-ileal 
mucosa in vitro was inhibited by six other dipeptides and a 


tripeptide. This inhibition was shown to be competitive, 
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however only in the case of Leu-Leu. 

Das and Radhakrishnan (1975) carried out a study on the 
inhibition of Leu (Gly-Leu) and Gly (Gly-Leu) uptake into 
monkey intestine in vitro by a wide spectrum of dipeptides. 
All of the 38 dipeptides tested inhibited both Leu and Gly 
uptake from Gly-Leu to ne degrees. The competitive 
WacURe@oOf Che inhibieionwas Shown for only eLour ore cna ns6 
dipeptides. It should be noted that no correction was made 
fOr superricral hydrolysis effects*in* this*work. The authors 
state that their results suggest strongly that there is a 
dipeptide uptake system in monkey intestine with an extremely 
HLroOad spect LIcurury:. 

itean eclerorte cCOmavOolde tne complicating ractormoreor usn 
border surface hydrolysis, a series of investigations have 
been carried out utilizing poorly hydrolyzed peptides such as 
di-, tri- and tetrapeptides of Gly and Sar as well as the 
dipeptide carnosine ( P-Ala-His). All of these experiments 
have used the in vitro preparation of everted rings of 
hamster jejunum. Addision (1974a) demonstrated that 
Gly-Sar-Sar was inhibited by di- and tripeptides of Gly and 
Met. Carnosine uptake was shown to be inhibited by several 
peptides made up of neutral amino acids. The effects of 
Gly-Pro were found to be competitive (Addision, 1974b). The 
dipeptides Lys-Lys and Glu-Glu failed to inhibit carnosine 
infvux, nor did they inhibit the uptake Of “eachother swhiich 
is compatible with the existence of a-separate pathway for 


the uptake of dipeptides made up of neutral amino acids and 
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thesemmade upyotebasichonlacidic aminomactdssusTheminhtbi tion 
of the influx of Gly-Sar-Sar and ({2Ala-Gly-Gly by a series of 
di- and tripeptides (including Lys-Lys and Glu-Glu) was 
demonstrateddby Addisionilet alsiii975).eGThey tconcluded@tnat 
di- and tripeptides share a common uptake mechanism but that 
peptides made up of basic or acidic residues would appear to 
haveraslowmalhkinity fouethistsystemusincesthedinkibition of 
Gly=Ssar-Sar upbakeebyahys-LysmandsGlu-Glu wastsiitgner. 
Sleisenger et al. (1976) provided additional evidence in 
SuUppoOrESsoL arcommonptransportysystem ferndi—Panditnipeptides 
with the demonstration that Gly-Sar was inhibited by 
Gly-Sar-Sar in a competitive way and vice versa. The 
inhibitory effect of Glu-Glu on Gly-Sar uptake into hamster 
jejunum in vitro was investigated in some detail by Matthews 
Gtrvalae(19738). Incubations were carried out at a pH of five 
in order to reduce surface hydrolysis of Glu-Glu to a 
minimum. It was shown that at a constant concentration of 
Glu-Glu, Gly-Sar uptake was inhibited in a competitive manner 
and also Bthat ga pconstant yconcentrationsofi iGby-Sary aad ithe 
same wef feat ion «Glhu-Gluatransport.:-claylon etitals (979) 
obtained analogous results with Gly-Sar and Lys-Lys. The 
conclusion was that the neutral dipeptide Gly-Sar, the 
acidic dipeptide Glu-Glu and the basic dipeptide Lys-Lys all 
share the same uptake mechanism. 

Several studies sexist which are) atwroddsiwith themconcept 
Ghimesingle: canrier for; peptide sransporttin the: intestine” 


Edwards (1978) found that carnosine absorption into loops of 
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Tat Gutwvineavivotwas inhibitedsebyedi=sgand tri-Gly butenotaby 
Leu-Ala. Leu-Ala uptake, while being inhibited by a number 
of dipeptides was not reduced in the presence of carnosine, f - 
Ala-Gly nor di- or tri-Gly. This data suggests the presence 
of at least two transport mechanisms for oligopeptides in the 
rat intestine. Gupta and Edwards (1976) added to the above 
observations noting that neither Leu-Gly or f-Ala-His 
(carnosine) representative members of two distinctly 
@tELeCnentstransportaqroups, <inhibited}tiheuptakesotehro—-Hyp 
into loops of rat intestine in vivo. Since Pro-Hyp was shown 
to be inhibited by other prolyl dipeptides these authors 
concludedwtihat pthisawas revidence sfor atherexistence yor gat 
least three separate "carrier protein systems in the rat 
small gut", exemplified by Leucyl, Alanyl and Propyl 
derivatives. 

Lanesetsals, (1975) -lookedmatsthe tuptake dohePro-Gily and 
Gly-Pro into rat jejunum in vivo and found that while 48 mM 
Pro-Gly i\failed ‘to-inhibite«1@ .mM.Gly-Pro uptake, 40 mM«Gly-Pro 
Gia yinhibitelé mMeRro-Gly stransportesignificantlys goince 
Rubinogse (1971) galsomtound gthat Pro-Gly did notechiect ‘Gly—Pro 
uptake, Lane et al. suggested that these dipeptides might be 
handled by -different,;uptake »systems. ».Thesesresults vandstheir 
interpretations are consistent with those of Edwards (1970) 
and Gupta and Edwards (1976) who found that Leu-Ala uptake 
intoathe rat small] sintestine sin vvivo, was sinhibktedpby 
Gly-Pro but not Pro-Gly, and also concluded that the two Pro 


dipeptides are transported by separate routes. 
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Gly-Leu influx across the mucosal border of guinea pig 
ileum in vitro was shown not to be inhibited by the presence 
Ofidi= vor tri-Gly but Gly-Leu was found to inhibited —-Cly 
uptake by 46 percent, the inhibition being of a mixed type 
(Himukai and Hoshi, 1979). The authors concluded that 
Gly-Gly and Gly-Leu are transported by separate systems with 
Eheir respective binding sites being in such’ close proximity 
that the binding of Gly-Leu to its binding site might cause a 
deformation of the Gly-Gly site and thereby reduce the 
efficiency of Gly-Gly binding and subsequent transport. Gly- 
Gly binding, apparently has no effect on the Gly-Leu site. 

The Boyd and Ward (1982) micro-electrode study, outlined 
previously, found that the ReeO oT Leak oneete the enterocyte 
membrane associated with carnosine transport was abolished by 
Enempresencer or wLeu-Leu, suggesting that thesesdipepuices 
share a common transport mechanism. It was discovered, 
however, that even at high concentrations, carnosine failed 
to totally inhibit the depolarization caused by Leu-Leu 
influx. Since these observations were made in the presence 
of a saturating concentration of free Leu (thereby 
eliminating the complication of surface hydrolysis) these 
authors postulated the existence of two transport systems for 
Deptraer transporte both or whach can be UplITIZed bysleu—Leu 
buteonty one of which 1s 9shared with carnosine. @ihurther , it 
appears from this study, that tri-Leu shares the same 
transport route with di-Leu since no further depolarization 


was observed when the tripeptide was introduced into the 
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concentration of the dipeptide" 


(Boyd and Ward, 


1982). 
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METHODS AND MATERIALS 


Tl. Animals 
Male Spreague-Dawley rats with a weight range of 259 to 
309 grams were used. The rats were maintained with free 


access, to food and water up to the time’ of sacrifice. 


2 Experimental Procedure 


THESeprojyeces Utvlized =a modification Of stnewring 
technique as described by Crane and Mandelstam (1968). The 
tatbawasekl | leaawithia blow to the head and any incistoneinte 
the abdominal cavity made along the median line. The small 
intestine was severed distal to the ligament of Treitz, 
pulled free of the adhering mesentery and flushed out with 
normal saline (at room temperature). Next the small 
intestine was freed from the body by cutting it at the 
ileocaecal junction. The small intestine was then 
transferred to a bowl containing Normal saline (at room 
temperature), washed of adhering blood and everted using a 
Stainless steel rod, outer diameter of 2 mm. The everted 
intestine was placed in a trough, again containing normal 
Saline at room temperature and the middle fifth was excised. 
Normally the length of the everted gut measured slightly over 
Gnesmecre in lengtheso that the middle filtheremovedmt cid 


between the 490 and 6@ cm. marks. The middle fifth of the 
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intestine was chosen based on the available evidence 
suggesting that, in rat, maximal absorption of peptides 

oecurs Ginvthe sproximalsnileum (Matthews ;-)l975701980) a aThe 
procedure outlined here would most likely succeed in isolating 
the proximal to mid ileum. The excised section of small 
Pncestinetwasethen cuteintotsmalliningss<: sa2ienmein 
Ehickness)iiwithea pair of sharp, fine scissors and collected 
inva resenvioi me( stems) softkK rebs or inger_solutdonawoiehawas 

at room temperature. 

When determinations were carried out in test solutions 
containing Nat , the rings were allowed to equilibrate in the 
Krebs for five minutes. In the experiments in which choline 
was used to replace Na’ in the test Solutions, “thesrings 
were preincubated in the Krebs for thirty minutes. 

The reservoir was continually gassed with a 95 percent 
Gyms et avegpercent CO, mixtunerior ythe hexpemimentsecaymied 
out in the presence of NAT and with 100 percentre, Siountiose 
experiments in which Na’ was replaced with choline, due to 
the different buffer systems employed in each. 

Brometcheereservoir the rings were transferred to 12, 

LG. x 25 mmetest tubes pgeachacontainingxh mh ofsagtest 
solution stogetherkwithgthe (radio activelyelabelled marker 2 
Normally each everted gut yielded some 79 rings and therefore 
routinely sfivesyrings were»placed inseachiof (the »l2 tubes. 

These tubes were incubated in a water bath at 37° C and 
gassed vigorously with either the 95 percent 0, —- 5 percent 


CO, mixture or the 100 percent O, depending upon the buffer 


gnisetogi ai beseacn ph a ata gs 
$fese Yo H0)I5ae) Hesizes © 

il some — 2) Spree, i teme 
bedoelies Bre zr0Pales SAt7 (ores Be sieg, 6 dite 
asw Coidw nelailoe tepnia sos? te tole. 6) 2 
_atiraigins © 

seolgbiga Seen ot tLe ppbv am blelJeniegaeb 
49 wi s¢e 1G Liops. 63 veun! fe esau nest: olf, a wan 
enilnns guiiw ot as yaar ais ii <esuaia, egl® 108 | 
eeirry arg 2 oe ithe cra Sngial) “AM eustaet. he: bee. 
-Salunem eanhent. 962 eoe28 ens ‘qs batedesninra net 

Jesoieq, 8 ¢ Aoiw boast elteuntsnns. eae Tievtsest eT 
bslvie aanomizeqxs Sus yD @7oxim {o> saetaeg eel) « 
seeds 26 dens, Ai-vPeY ons AN Ac avrses1y eta a2 
eo wh , anil Teds eva bsanler: ee Toy einen sanent t 7 
wes ati Oe eM tye TeT3us aeeTeIiG. ont 

,of of BesyS3ene 75 ack ain aie tievyeee, 249 = = 


a. 
see3.a. 30 fm t peenigine: owe jcodut fee naw 2S we 


7 on 


«tevtam bel fedsl lava Sibst sid asiy reitrones nai 
wibiereas be aya 9% a tabisiy su9 nesses Heme 


weir 6, ont, et i Beshilg ssi aunt 


61 


system employed. 

Termination of the® incubation period’ ins each test 
solution was accomplished by emptying the tubes into a filter 
funnel connected to a vacuum. The rings were then 
immediately washed with ice cold choline chloride (154 mM) 
and transferred to a separate filter paper dampened with 
choline chloride. 

The wet weight of each group of rings was determined on 
a torsion balance (VEREENIGDE DRAADFABRIEKEN NIJMEGEN 
HOLLAND) after which the rings were placed in a drying oven 
(PREGESIONS MODE LSS) Mat 10¢G- Cy for. 60 minutes. The dry 
weight of each group of rings was then determined on the same 
torsion balance. 

Extraction of the tissue was accomplished by immersion 
oimecach= Ofeties 12 groupsPorerTings®intoms)demicromlstresmor 
QUSINE nitric acid ttorvone hour.-=Twot hundredimicro-litre 
aliquots of each of these groups of extracts were taken for 


Miquidescintrilation counting. 


Bee SOLUCIONS 

The Krebs ringer solution containing Na’ consisted of 
the following: (expressed) in’ millimoles® per! Witre)s NaCiynad le; 
Kei, ewe CAC lOO 25S Kh POY |, L228 MgSOpRe sik; NaHCO, , 
25. The sodium free phosphate ringer solution was of. the 
following composition: Choline Chloride, 118mM; K,HPO, , 


ad A KH, POy pei Cope oO; etl. 207 and® CaCl; #8 2807) “KGdese mie 
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4. Materials 

L-leucine, L-proline, glycyl-L-leucine,leucyl-L-leucine, 
glycyl-L-glycine, prolyl-L-glycine and leucyl-L-alanine were 
supp biied @by. ithe Sigma whemiical’ Cohe(St. Thcui sfeMissour i)i. 
Thevaqueocusecounting@scintillant icocktail W(ACS) swas Eobtained 
from Amersham Corp. (Arlington Heights,Illinois) as were the 
3 


4, 


L=(374,7>e= SHIN) M@leucinepaL=[ “ch Teucine;,tandjthe (We Sek 


4, 


glycyl=-L-leucine.. The [ ‘C]i*inulin -was from New’ England 


Nuclear (Lachine, Quebec). 


Be S@intl Blak onsCouneing 


Two hundred micro-litre aliquots of the acid tissue 
extract were added directly to the scintillant for counting. 
No deproteinization was necessary. Quenching was measured 
Baomecheschannelstratiosusing lantexternal Sstandardams Counting 
Wasmpetrormed miBRaebeckmanels S133 Ti liquid scintrblattonm 


counter. 


Gen Synthesrssor 8G lycyi- fe! 7H] Leucine 


All chemicals for this synthesis were supplied by Sigma 
Ghemical CotretSt. SlLouts ; eMisseur?). 

N-tert-BOC-glycine, 9.875 g, was activiated with 9.63 g 
of N-hydroxyl succinimide which had been dissolved in 19 ml 
of ethylmacetate. Theses reactants tweretcooledeonmicel her. 03 
gvofidicyclohexyl-carbodimiderdissolved oinsSimigoftgethyl 


acetate was then added and the mixture stirred and cooled for 


U2Vnounrs. 
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The resulting white precipitate was filtered and washed 
withy5é)mls ,of ethylaacetate: «(The solutionswas’ kept ®and 
evaporated to dryness. The white residue was recovered and 
suspended in a small volume of éther. This was filtered, 
leaving a white powder (BOC-glycine-OSu) which was tested for 
purityebyva melting=point! determinationu(I55al69 fc). 
Tohen agqueoustsolution oftsemecd of (L=[3n4 757— 7H(N)] 
leucine and NaHCO, powder was added an equal volume of 
dioxane to yield a one percent solution of bicarbonate. To 
this, 196 mg of the activated BOC-glycine was added and the 
reactants were left stirring overnight. 

The solution was evaporated to dryness and the residue 
dissolved with 18 mls of ethyl acetate. This solution was 
deccanted into ajiseparating funnel and 5 mis of @s1 /N HCl: was 
added. The organic phase containing the product was 
separated and washed repeatedly with ethyl acetate. The 
acetate washings were then pooled and evaporated to dryness. 

The BOC group was removed from the glycine by the 
addttionuotecemistote trifluoroacetic) acid “and abterm@rwoghours 
Enea TEAR WaS@eVaporacedvorinem !osensurercomplete removal /or 
the acid further drying of the residue was carried out using 
aN, streams ~The final product was resuspended in water and 
the pH adjusted to 7.4 with NaOH. 

Identification of the final product was accomplished 
through a thin layer of chromatography on Silica gel using 


two solvent systems; isobutanol-acetic acid-water) (12:3:5 


v/v) and propanol-water (8:2 v/v). The radioactivity was 
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found to be associated with the spot corresponding to 
glycyl-L-leucine at a level indicating better than 99 percent 


DUC. 


ig Extracellular Space Determination 


tThegvolhume fotntherextracel lular. flusaSvecs  einethe 
intestinal tissue rings was estimated utilizing eho} ina ins, 
anmankensneponted in tthesliterabune ito ifreely sequi Fibrate 
within the extracellular space and not penetrate the cell 
membrane (ESposito and Csaky, 1974; Dinda and Beck, 1977). 

Everted intestinal rings were incubated with the icy 
inulinhma peeahtor a2, 57) YOnpel Snl2oeandmeeininetes in 
Solutions vofiavabyingecomposition: 

It was found necessary to determine the extracellular 
Elucavvelumestorn the yeussuegningsitunder (hiveldistinet 
Gondst rons teach sot Iwhichwhad theneiiect..of Schanging tthesECcs 
and each of which would be utilized in this study. The 
varying conditions refers to the varying composition of the 
test solutions and/or the time the tissue was preincubated in 


thus isobutions The sive tconditionsi*were: 


is) Krebs bicarbonate ringer: Pre-incubation of five 
minutes 
Vi) KrebpsmeCholinemningerm:s (Chol ine jsedeLOgsUber mute 


for Na’ in which the tissue was preincubated for 


38 minutes 


I} 1%) The same as in ii) but the tissue was preincubated 


for five minutes 
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iv) The same as i) but with the addition of 5 mM 
harmaline and no preincubation with harmaline 
Vv) The same as ii) but with 5 mM harmaline added and 
no preincubation with the harmaline 
thetextracellular \iluid volume was tical culatedmby 
comparing the disintegrations (D.P.M.s) associated with 
268 ,, 1 aliguetslobmacid tused ftovextractethe fevented 
intestinal rings iwithttheedisintegrations y(DAaRmM. s) 
associated with corresponding 290 .1 standards. 
Extracellular fluid volumes were expressed as micro litres 
per aca dry weight of tissue. 

The results of the five extracellular space 
determinations are represented as Figures 1 to 5. The 
Graphs pelinealiletmve tcases frindicateVansappa renturrallunegort 
the rite] inulin to reach equilibrium with the extracellular 
(EGS)igcluidhaftengso, minuves incubation. ee vidence Fingehe 
literature however, indicates "that a complete equilibration 
of [4c] inulin with the EC fluid occurs as ‘early as five 
minutes after the beginning of the incubation" -(Dinda et»al., 
1977) and that the observed progressive increase in 
Calculated extracellular space twas vasresult tobta asteady 


increase in extracellular fluid ‘containing [/%C] inulin “and 
not fromean incomplete equilibration ‘of sinulintin®the EC 
phutay er ibinda wet -aley elo 7i/)i 

Further, previous work in this field indicates that 


[/¢c] inulin to be one of the more satisfactory markers for 


extracellular space available to date (BSpos btotet galy per 79; 
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Dindesethal.; add; tEspositovandscGsaky 6197452 

Since,sin thisestudy, incubation periods’ ofaless: than 
five minutes were employed, it was necessary to approximate 
the extracellular spaces to be used in calculating the uptake 
ofGsubstrare wntoitheatissue rings, during these shorter 
incubation times. This was accomplished by extrapolating the 
Straight part of the curves (beyond five minutes) of graphs 
Ie Debackstosthesrmintersectaontwd thrthesyoaxdsta he 
extraceltulari spacey, fort incubation, times ofidessuthanstive 
minutes were wthensgread fromathissextrapolated lined» *Graphs 


1 - 5 have these lines included. 


S.weCalculationgandsixpression!ofsResudts 


The amount of substrate assumed to be absorbed into the 
enterocyte of the intestinal rings was calculated by 
comparing the amount of the radio-labelled marker in the 
tissue extracts with that in a known volume of its 
corresponding standard. The appropriate extracellular 
substrate, estimated from the ECS determined for each sample 
Erom the standard curves (Figures 1-5), was subtracted to 
give the intracellular amount and was expressed as ~moles per 
Grameary weight of tissue per minute. 

A determination of the intracellular substrate 
concentration was possible using the average wet to dry 
tissue weight ratio measured for each sample. The ratio 
enabled an estimate to be made of the millilitres of water 


present per gram of tissue. From this figure the appropriate 


okatqe att svecbamlenuai ns ee oe Be 
yesiede cams EALAeD sent) aeeeh ‘ads ofnd 
aig prtoelogentae (4 posted Iqmozae: wiv SebeT pelt 
suncie vo (essvolor ayia bneyed), ag0I0p..d@>° Zor 
att elas ¢ 38d iow woletessetel aids er: 
evil ncaa cash Ia esis, ROL Igdugns. 22° Aazeage 
cied>  shbt Raveleqggase etay qds1 bass) rete. | 
-tetwiaad sont! snay) Wyed(e ree, 
sia ofn? bedipeds o¢ oo BSap tes agelsegce Se SGuete-anPey 
pt bazelunlev apeBeRey leh! sessal aaa Te eypoisdne 
ees vf Tetoem belisa@ivotiea ove to saeewe why Galiaggqesy 
a3 30 aniitey apes «oni edt aw eoeeee ee lenesEa 
164212 lena she oat vnrpondut eqT Df 1sbsnese pa 2 tsetyae 240d - 
siqete toss s02 besstwreebin 2s a) wor? bedemltew »egertadue 
ot hedueaddne cew MRT eeteels esetyo bietbemts weds aery 
18e EwiSiin, we Heceevahs 266 OR Snvome teloliagastel eds euig! 
22sunim toy eveets Te deylew wh metp: 
aseidedua ze cel Koos: ant 20 sebsenbiyede® 4 “h 
ab ot aw partipors erlw Sidiesey pedpeniieet 


~ 


ECS was subtracted to yield the amount of intracellular water 
present in each gram of tissue. The intracellular concentra- 
tion of substrate was determined as moles per gram dry wt/ 
liver vitremintracel lular watereper Gram opatissiesand 


expressed as millimolar. 


Seeotatistical Methods 

SCbatistical, comparisons of the*qroups=on aca obtained 
under the various conditions employed in this study were made 
using a nested design of analysis of variance (Snedecor and 
Cochran, 1967). A five percent level of probability was 
euoloved vas Deinduasidnifticant; shence, if p <UtU5,, Enesdata 


groups were considered to be significantly different. 
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RESULTS 


i Leucine Uptake 


The following are the results of the “in vitro' 
experiments (everted intestinal rings) performed to 
investigate the characteristics of free leucine and in 
particular glycyl-L-leucine transport into the rat small 
intestine. 

A. Leucine Uptake Against Time 

Figure 6 represents graphically the data obtained from 
the incubation of intestinal rings in 1 mM Leu over 
increasing periods of time both in the presence and absence 
of Na’ . 

The graphs in Figure 6 demonstrate that leucine uptake 
was reasonably linear over the first five minutes of 
incubation both with and without Na’ and that in both 
situations the uptake of the substrate plateaued. 

In the presence of Na’ the uptake of Leu was much 
more rapid than in the absence of the cation and in the 
former case the epithelial cells were able to accumulate 
the substrate to a level substantially above the lmM con- 
Sentraction of Leu in the) medium reaching intracellular 
Concentrations of 6.5 mM after 30 minutes of (incubation, 
Replacement of Nat with choline abolished the ability of 


the enterocytes to concentrate the free amino acid above 
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that wine themtestesolutions, intracellular concentrations 
reaching a maximum of 9.91 mM after 38 minutes. 

B. Leucine Uptake Versus Leucine Concentration 

Inporderstowfurthersdescribe theucharacterist ues of 
leucine uptake into the enterocyte of the «rat «small 
intestine, a ee of experiments were carried out in which 
rings of everted rat gut were incubated for one minute in 
test solutions ‘containing a range of concentrations "of tthe 
substrate with and without Nat . The results of these 
determinations are represented graphically in Figure 7. 

A one minute incubation was chosen for this series of 
experiments based upon the observations of Leu uptake 
against time (Figure 5). The uptake of Leu at one minute 
appeared/ito: bes Pinear sin mature so that) any “factors: atiecting 
Leu transport in this region of the curve should have been | 
clearly delineated. This shorter incubation period should 
have reduced the extent of backflux of the Leu from the 
epithelialiscells sinto) themmediumewithe thesresult that the 
data obtained reflected primarily Leu uptake. Further 
short incubation times reduce the loss of peptidases 
from the brush border and.cytosol. 

As Figure 7 shows Leu uptake was far more rapid and 
substantial eins thes presence of Na’ than in its absence. 
Further, in the presence and absence of Na’ , Leu uptake 
waS a saturable function of the increasing concentrations of 


the substrate, saturating at about 20 mM. 
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Hy Kanetics 

The apparent Michaelis constants were derived for Na 
dependent Leu (Leu) “transporteinto rings of everted rac 
ineestines "The Na" dependent Leu (Leu) transport was 
calculated by subtracting the uptake of Leu determined in the 
absence of Na’ from that obtained in the presence of Nave: 
The resulting values were plotted as substrate concentration 
over velocity of the reaction versus substrate concentration 
(Morris, 1978) 

The resulting graph together with the calcualted Vmax 
(14.9 ,.moles g dry oe titans y and Kt™ (3.3 mM) are presented 
as Figure ’8. 

a Grycy Ey Leucine Uptake 

Having established some of the characteristics of free 
Leu Upcake into the rat small intestine, *a series, o6 
experiments designed to describe Gly-Leu transport into the 
rat intestinal enterocyte were undertaken. 

Ae lecu (Gly Leu UptakerOver Time, tNa 

Figure 9 illustrates the data obtained from incubating 
InEeStinal CIimMos ah CeSt SOLULIONS CONtad ning: ) ilinG) y—lLeuseat 
various incubation times in the presence and absence of Neue 

AG with the UpLakesscudires Of Leu (Deu), beau (Gly—reu) 


uptake proceded in a reasonably linear fashion for the first 


ten minutes of incubation both in’ the presence and’ the 


absence of Ee 


In the presence of Nat , Leu (Gly=Leu) aptake was much 


: ° + 
more rapid than in the studies where choline replaced Na , 
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also the epithelial cells were able to accumulate the 
Substrate to a level above that in the medium (1 mM), only 
when Nat was present. Leu (Gly-Leu) intracellular concen- 
trations reached levels of 5.5 mM after 38 minutes in the 
presence of Nat but in the absence of the cation the intra- 
cellular concentration for the same incubation period fell 
to 06.78 mM. 

As seen with the Leu (Leu) studies, the uptake of Leu 
(Gly-Leu) did plateau whether Na’ was present or noel, 

Bow sLeumcGiy—leu) Uptake Versus Gly-LeusConcentracion 

THESUPEakewor Leum(Gly=Leujigwaststud?ed@iurtheriby 
incubating everted intestinal rings in test solutions of 
increasing concentrations of the substrate, Gly-Leu, for one 
minute. As in the free leucine experiments the one minute 
incubation period was chosen since the uptake of Leu 
(Gly-Leu) against time studies revealed linearity of uptake 
atethistcimesand’thateat thiserelativelyyshortiincubation 
time backflux of leucine from the enterocyte was predicted 
to be slight. 

The data obtained from these determinations is 
presentedeiniPigure 19 -and@Tabletl) etnetherpresencetor 
Nat PHGmOUD LAG COneLecunp (Gly—-Leujymprhoceeded sat “aebactererace 
than inethe absence of the cation. _sBothtwitth and without 
Nat , the uptake of the peptide was a saturable function 
of the concentration of the substrate. This saturation 
occurred at approximately 28 mM in both cases. The 


removal of Na’ reduced the maximal uptake of Leu (Gly-Leu) 
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to slightly less than 58 percent of the control maximum. 

Note that the removal of Na reduced the uptake of Leu 
(Gly-Leu) by about 5@ percent as compared to an almost 89 
percent reduction of Leu (Leu) uptake in the absence of the 
Cation. 

Clearly these results suggest that leucine entry into 
the rat small intestine was less sensitive to Na when 
presented as the peptide, Gly-Leu, than when presented as a 
free amino acid. 

i) Kinetics 

The apparent Michaelis constants for Leu (Gly-Leu) 
uptake were determined as follows. Firstly the kinetics of 
Nat dependent leur (Gly—-Leu) =transportswere analyzed. =r his Nat 
dependent transport was taken to be the difference between 
the uptake of Leu (Gly-Leu) determined in the presence of Na” 
and that determined in Na* 's absence. The resulting data 
was plotted as substrate concentration over velocity of the 
reaction versus substrate concentration and appears as Figure 
MPV EeNOtCe that “cones Vvmax (12.3, moles Glary es aint ) and Km 
(3.8 mM) of this Na dependent Leu (Gly-Leu) uptake is 
similar to the Vmax 14.8 and Km 3.3 determined for the Na~ 
dependent Leu (Leu) uptake (Figure 7). 

Secondly the kinetics of Nat independent Leu (Gly-Leu) 
uptake were examined. The Nat independent Leu (Gly-Leu) 
uptake was taken to be the transport of Leu (Gly-Leu) 
determined in the absence of Na’. This data was also 


plotted as (Sl/7V versus [S]/*and™the Michaelis constants 
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Calculated sbromathe graph. «The wesults of this plot appear 
as Figure 12 together with the Vmax (19.3 uwmoles ae ry, wh 

ie TERT CAT Gc seen oe Oe Na’ independent Leu (Gly-Leu) 

Eeahsloru. 

Note that the Nat independent Leu (Gly-Leu) system has a 
much higher Vmax and Km than either the Na* dependent Leu 
(Gly-Leu) (Figure 18) or the Na’ dependent Leu (Leu) (Figure 
7 systems. 

Cee 2aluratlonpofethesrree Leucine Transportgcystem 

The Leu (Leu) uptake versus Leu concentration studies 
revealed that thestransport system handling, this free amino 
acid saturated at 20 mM Leu. [In an attempt to eliminate the 
free amino acid system, thereby leaving the peptide system as 
the only possible entry route for Leu (Gly-Leu), this 
Saturation characteristic was exploited. 

Initially rings of everted rat small intestine were 
incubated in test solutions containing 28 mM Leu in the 
presence of Na’ for one minute. The uptake of Leu (Leu) 
under these conditions is indicated by bar ~A" of the 
Histogram s(higune #13). 

Towverify the saturation of the free) leucine sy stemerhe 
above experiment was repeated but the concentration of Leu in 
Ehesmedium was) increased toe 25,mM.. The results sor Ehis 
determination are represented as bar ~B' of the histogram 
(Figure 13). Note that with the 25 mM solutions there was no 
additional uptake of Leu over and above that obtained with a 
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system was therefore assumed to be saturated. 
De? beum(Gly=Leu).Uptakeufrom=5—nmMeGLy—Leusinetie 
PibesencenOtesc( Mele 

Everted rings of “rat gut were Incubated am solutions 
containing 5 mM Gly-Leu, 28 mM Leu and Na’ for one minute. 
We "data "obtained ts represented as bar ~C™ "or "the histogram 
Cergire is), 

Pierre wwas a substantial uptake Of Lelwabove that 
obtained from either the 20 mM or 25 mM free Leu test 
solutions. This additional Leu uptake was assumed to have 
entered via the Gly-Leu intact peptide transport system 
exclusively, since 2% mM leucine had been shown to saturate 
the free Leu uptake mechanism completely. 

E. Leu (Gly-Leu) Uptake Versus the Concentration of 

Gly-Leu Plus 29 mM Leu;+Na . 

The characterization of the intact Gly—-Leu transport 
mechanism was begun by observing the uptake of Leu (Gly-Leu) 
ircoeriigs ofvevertea rat ntest ine over “a "range OL 
concentrations of the peptide in the presence of 20 mM free 
Leu, duringaan ancibatbion=speriod.¢of-one--minute. seer ne 
experiments were carried out both in the presence and the 
absence of medium Na’ . 

Thesdata obtained trom this Series” of experiments 2s 
presented in Table I. 

The removal of Nat , in the presence of 28 mM Leu had no 
significant effect on the uptake of Leu (Gly-Leu) (p>@.@5). 


Temwoulad appear that® the’ intact transport of Gly-Leusia nor 
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dependent on the presence of medium Nazes 
F. Leu (Gly-Leu) Uptake Versus Time in the Presence of 
1@ mM L-Ala-f -naphthylamide (ANA) 

ANA has been demonstrated to be an effective inhibitor 
of the membrane peptidases responsible for the surface 
hydrolysis of peptides in the rat small intestine (Chung et 
al., 1979; Rosen-Levin et al., 198@). 

Thestagents effectiveness» wasvinitially) tested by 
incubating intestinal rings in 1 mM Gly-Leu solutions, in the 
presence of 18 mM ANA and Nat peLOYGIncreastngeper todsmor 
time. A 18 mM concentration of ANA was used since this was 
the maximum concentration soluble in water. 

The results of these determinations are presented in 
Higueesl4eae | Thisehagqurevalso includes, for comparitive 
pupposes, a OGveph ot ther results of Lew (Gly—-Leu)) transport 
versus time in the absence of Na’ experiments (Figure 6). 

The uptake of Leu (Gly-Leu) determined over time, in the 
presence of ANA was not significantly different from that 
observed simply in the absence of Na* (p20205):. 

@. abeug(Glycleu)mversusmthe Concentration of -Gly—Leu in 

the Presence of 19 mM ANA and Nowe 

The effect@of (ANA wasestudiedpfurtherebynineubating 
intestinal tnangsminasolutionsecontainingia 1amM 
concentration of the peptidase inhibitor plus increasing 
concentrations of Gly-Leu with Na’ for one minute. The 
resulting data appears in Table I. 


ThemuptLake ofeLeuy(Gly—-Leu) in the presence of 10 mM ANA 
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was not Significantly different from either Leu (Gly-Leu) 
determined in the absence of medium Na’ or Leu (Gly-Leu) 
uptake in the presence of 28 mM Leu and the absence of Na’ 
(p>8.05). However, an analysis of variance between Leu 
(Gly-Leu) plus 18 mM ANA and Leu (Gly-Leu) plus 2@ mM Leu in 
the presence of Na’ revealed a Significant difference at the 
five percent level of probability. Since there was no 
Significant difference found between Leu (Gly-Leu) uptake 
plus 20 mM Leu and Leu (Gly-Leu) uptake in the absence of Na* 
(p>@.85), a student t test was employed to determine any 
Significant differences between each data point for Leu 
(Gly-Leu) transport plus 28 mM Leu and Leu (Gly-Leu) uptake 
plus 18 mM ANA. Only two of the six points proved to be 


Signiiicantlysdirrerent. 


beeGlye(Gly-Leu) cUptakes Versus thes Concentrationsor 


Sly, beuer us Na’ 

Utilizing the marker[ '*c] Gly-L-Leu, the uptake of Gly 
(Gly-Leu) was studied by incubating intestinal rings for one 
minute in solutions containing a range of concentrations of 
Giy-Ceus pilus Nain 

The results of this work are presented in Table II. 

Notes that the uptake of Gly (Gly—-Leu)) reached “abouts halt 
EHemlcCVeclSowaltalnedmby Leu GlLy—-Leu) Uptake ovc machi emsame 
concentration range, in the presence Na’ and is not 


significantly different from the uptake of Leu (Gly-Leu) plus 


20 mM free Leu (p>@.95). 
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I. Gly (Gly-Leu) Uptake Versus the Concentration of 
Gly-Leu_in the Presence of 28 mM Leu and Nat 


Theweteectwor Passaturating concentration of sfree Leu on 
the uptake or tG bye (Gly=Leu i twasies tud ted Sby Sincubatingmeverted 
Eings=-0 SFyraveinvestine fin =solubionsmcontainmingm@2vam! Enee 
Leu, Nanimandia Fange of@concentratvons sonIiGiy-leu, for one 
Hineeess =hheswresultimgvdata irom this series of experiments 
iS presented finelT able vil: 

There is no significant difference between Gly (Gly-Leu) 
uptake in the presence of 28 mM Leu and Na’ and Gly (Gly-Leu) 
uptake in the presence of Nat (convroly (pro s.0S). Vine 
addition of 28 mM Leu had no effect on Gly (Gly-Leu) 


Coa bis lO la. 


Toone oC Uye Leu Upeakey Versus thes Concenenauloneor 


Civ NeUm ieelomr Ose nece on Nat 
The Na’ dependency of Gly (Gly-Leu) uptake was 


invesei gated by incubating intestinal rings®in solutions 
containing a range of Gly-Leu concentrations, in the absence 
of Na’ for one minute. The results of these determinations 
are presented in Table II. 

Thereseis no Significance ditterenceésbetween Gly (Gly-Leu) 


uptake in the presence or absence of Nat (DP 05) % 


3% Harmaline Study 


Harmaline is a psychotomimetic alkaloid with the reputed 
apie y = tos Teauce wee" dependent solute transport. The drug 
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following series of experiments. 
A. Leu (Leu) Uptake Versus the Concentration of 
Harmaline Plus Nat 

Initially the effectiveness of harmaline (HCl) was 
tested™= by incubating intestinal rings™ for one#minute in 
solutions Containing Imm Leu, Na’ and increasing 
concentrations of harmaline. 

The results are presented graphically In Figures 5. 

The data indicates that as the harmaline concentration 
was increased, the uptake of Leu (Leu) diminished. Note that 
the harmaline was effective at reducing Leu (Leu) uptake at 
very low concentrations. 

Bea veue (Gly Leu Vvensuseciic COncCeneraclone obmiagna wine 

Plus Nat 

In a Similar series of experiments to those just 
described, everted gut rings were incubated for one minute in 
test solutions containing 1mM Gly-Leu, Na’ and increasing 
concentrations of harmaline. 

The results of this work, represented graphically as 
Figure 15, demonstrate a gradual reduction in the uptake of 
Leu (Gly-Leu) as the concentration of harmaline was 
THicreasead. ft is evident from Figure I5 "that harmatline: did 
notereduce the uptake of Leu (Gly—-Leuj (to the Same exten as 
feseatamteu (leu). “Also, as in the free Leumstudy, sata line 
iniioitea the uptake of Leu (Gly-Leu) even dt the lowest 


concentrations used. 
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C. Leu (Leu) Uptake Versus the Concentration of 


Harmaline in the Absence of Na~ 

Harmaline's effectiveness in the absence of Na’ was 
studied by incubating everted intestinal rings for one minute 
in solutions containing 1mM Leu and increasing concentrations 
of harmaline. In this series of experiments choline was used 
to replace wate. 

Lherg raph constructed: from ithe, results vot this wormeis 
included Gin eFigurne’ 15). 

Note that harmaline had no effect on Leu (Leu) uptake 
Until Bits sconcentrationptreached +2:..5 mMa Witheconcentrations 
of harmaline above 2.5 mM the reduction of Leu (Leu) uptake 
was highly significant (p<@.95). Harmaline therefore did 


inhibit Leu (Leu) uptake in the absence of Nat F 


D. Leu (Leu) Uptake Versus the Concentration of Leu Plus 
5 mM Harmaline in the Presence and Absence of Na’ 

The nature of the inhibitory effect of harmaline on Leu 
(Leu) uptake was investigated by incubating intestinal rings 
in solutions containing 5 mM harmaline and increasing 
concentrations of Leu for one minute. This procedure was 
carried out in the presence and absence of Nat : 

A harmaline concentration of 5 mM was chosen based on 
the observations made previously in this section 
(experimental series (i)) that a significant effect of the 


inhibitor was not obvious at lower concentrations. 


The results of the two series of experiments outlined 
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above ‘a're™= presented’ graphically in*Pigure 16." Included with 
EnNecesrelts= isha control! curvesor Leus(Leu)= versuse Leu 
concentration= pilus Nat fs 

Note that, in the presence of Nat po.enGwadd? CicneoOL 5) mh 
harmaline reduced the uptake of Leu (Leu) only slightly below 
the control levels. Further note that the removal’ of Nate, 
in the presence of 5 mM harmaline, caused a dramatic 
reduction in the uptake of Leu (Leu). Clearly 5 mM harmaline 
had not eliminated Nat dependent Leu uptake to any 
Significant degree (p>@.@5). 


E. Leu (Gly-Leu) uptake Versus the Concentration of 


Gly—-LeusPlus 5 mM\harmaline’in thes Presenceror Nat 


This series of experiments was designed to further study 
the nature of harmaline inhibition of Leu (Gly-Leu) uptake. 

Everted rings of rat small intestine were incubated in 
solutions containing 5 mM harmaline plus increasing 
concentrations of Gly-Leu for one minute, in the presence of 
Na’ °.* The resulting sdata 1s *presented@in Tables. 

Leu (Gly-Leu) uptake was reduced by 5 mM harmaline to 
approximately the same level as that observed by removing Nat 
and by the addition of 28 mM Leu or 19 mM ANA. 

Pu Gly @(Gly-Leu) Uptake Versus*the Concentration of 

Harmaline in the Presence of Na* 

The effect of harmaline on Gly (Gly-Leu) uptake was 

determined by sincubating  mingsvof sever ted Bratrigut ain 


Pod + : ; 
solutions containing 1 mM Gly-Leu, Na , and increasing 


concentrations of harmaline, for one minute. The results of 
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these experiments are presented graphically in Figure 17. 
Also included in Figure 17, is the graph of data obtained 
from the determinations of Leu (Leu) uptake versus harmaline 
concentration in the absence of Na’. 

Harmaline had no effect on Gly (Gly-Leu) uptake until 
Ltoeconcentrationsreached 2.5) mM. AS the vinhibito, 


concentration was increased above 2.5 mM to a maximal 10 mM, 


Ehems toni pitiony became, highly significant. (p<0.05).. 


G. Gly (Gly-Leu) Uptake Versus the Concentration of 


Gly-Leu_in the Presence of 5 mM Harmaline and Na’ 
The effect of harmaline upon the uptake of Gly (Gly-Leu) 


was studied further by incubating everted rings of intestine 
in test solutions containing increasing concentrations of 
Gly-Leu, 5 mM harmaline and Nat . The results of this 
experiment are presented in Table II. 

Harmaline (5mM) reduced Gly (Gly-Leu) uptake to levels 
Significantly lower than those determined for Gly (Gly-Leu) 
uptake plus Na‘ (control) over the same concentration range 


Omestbserate: (Po0..U5) . 


A; Competition Studies 


Tneanwerlort stoumore scully characterize them incact 
Depvldeetranspor. ULLlizedgby.Cly—-Leu, sthesel tect solo une: 
peptides on Gly-Leu uptake was studied. 

A. Leu (Gly-Leu) Versus the Concentration of Gly-Pro in 

the Presence of 208 mM Leu and Naw 


The effect of Gly-Pro on Leu (Gly-Leu) transport was 
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determined by incubating everted rat intestinal rings for one 
miputeminesolugions econtaining MemMeGby—oLeu. inereas ung 
concentrations of -Gly—Pro and 929 .mM jLeu. » All ethe ecompetition 
studies were carried out in the presence of Na’. The 
results of this experiment are presented graphically in 
Figure 18 and in Table III. 

As the .graph»sshows, Gly—Pro inhibited the -tnansport ,of 
Leu (Gly—Leu),atyall therconcentrations sused. «.Asmaximal 
inhibition of about 57 percent was achieved at a Gly-Pro 
Goneent ration sof .24) mM; 

The tefLiicacy of ;Gly-—Pro.as ne inhibitor of Leu (Gly-Leu) 
uptake was investigated further by plotting the data depicted 
La PigurewlS jrase.d G/ Cait aVS. Uli lls. Pod Geandead i? anep hes ene ttne 
uptake of Leu (Gly-Leu) measured in the presence and absence 
OL Gl y=Prosnespectivelhy andallieais ptheiconcentrationgot 
GivaPEoweus eda (iniul.ands,Christensen,.1966).2 slhis graok 
appears as Figure 19. 

The data when plotted in this manner yielded a straight 
MimeewLthvasy-intercept, of.1./8, avwhichsis isi. gnit icantly 
different from 1.04, The inverse of the y-intercept indicates 
the percentage uptake that would be inhibited by an 
inpinise! yaaigh GlyoProgconcentration«( bnuigandsClhmiccensen, 
966) @and corresponds to 56 percent. This value 1S the same 
percent inhibition observed at the 24 mM Gly-Pro 
concentration used in these determinations (Figure 18). It 
would appear that Gly-Pro is capable of only partially 


inhibiting the uptake of Leu (Gly—Leu),peven atvinfinitely 
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highwconcentrations. 

The nature got the partial inhibitions of the uptake or 
Leu (Gly-Leu) by Gly-Pro was determined by first subtracting 
the unaffected portion of Len (Gly-Leu) transport (44 per- 
cent) £Erom the uptake of the substrate determined for each 
Concentration olsinhibitor ingrigure. 16.0. hhesresitingmdatca 
Was replotted asi l/7V vs. [Lip where Vis the mptake of Leu 
(Gly-~Leu) sensitive to Gily—Pro and J jis the concentration, of 
Gly-~Promused.. elhis? plot appears: as Higure.20 mines face iunat 
a straight line was obtained indicates that Gly-Pro 
competetively inhibits the sensitive portion of Leu (Gly-Leu) 
transport (Neame and Richards, 1972). 

Beeecim(Gly-Leu) Upeake, Versus: Concentratvonsome cone 

Plus 20; mM Leu 

To ensure that the observed inhibition of Leu (Gly-Leu) 
uptake by Gly-Pro was not a consequence of the Pro moiety, 
the following experiment was performed. 

Everted rings of rat small intestine were incubated for 
one minute in solutions containing 1 mM Gly-Leu and increasing 
Concentrations mol ero. 

Theanesulting data ,wincluded vinglableslit seindioares) that 
proline had no effect on reducing Leu (Gly-Leu) uptake 
(7 Wie U5.) 6 

Ee) Leu (Gil y—Leu)) Uptake: Versus thesConcentrarionso: 

Gly-Leu in the Presence of 29 mM Leu and 19 mM 


Guyer 


This experiment was designed to obtain additional 
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information on the nature of the inhibitory effect of Gly-Pro 
on Leu, (Gly-Leu) transport: Due to a concern that the 
osmolality of the test solutions employed in these studies 
were becoming too high, it was decided to use a 18 mM Gly-Pro 
concentration. The dipeptide did produce a near maximal 
tans DetOry etfectat this concentration (Figure le). 

Intestinal rings were incubated in solutions containing 
26 mM Leu, 18 mM Gly-Pro and increasing concentrations of 
Gly-Leu, for one minute. The resulting data is presented in 
Table Lt i.. 

Figure 21 represents the data aS a Woolf plot ([S]/V vs. 
(Site uso slneludedmin igure 2l is a woolt plotworesthesdata 
obtained from the control experiment; Leu (Gly-Leu) uptake 
versus Substrate concentration plus 29 mM Leu and Na’ . The 
presence of Gly-Pro appears to have had little effect on the 
Vilaxe OLneLele (Gly-Leu)= transporte while (signiriteantly. 
increasing the Michaelis constant of the process. These 
results would indicate that Gly-Pro competetively inhibits 
Leu (Gly-Leu) intact transport and therefore verifies the 
conclusions drawn from experiment (1) of this section. 

D. Leu (Gly-Leu) Uptake Versus the Concentration of 

Gly-Leu in the Presence of 18 mM ANA and 19 mM 
Cay no 

The experiment just described ((11i1) of this section) 
was repeated utilizing 19 mM ANA instead of 28 mM Leu to 
Svimainace tne: comtrabucron of the free) Lens transponupsyscem 


to Leu (Gly-Leu) uptake. The results of this work are 
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Puesented win Table Ti. 

The uptake of Leu (Gly-Leu) under the conditions of this 
experiment are not Significantly different from Leu (Gly-Leu) 
uptake determined in experiment (C) (p>@.05). It is evident 
therefore that 18 mM ANA and 29 mM Leu were equally effective 
in eliminating the contribution made to Leu (Gly-Leu) total 
transport, by the surface hydrolysis of Gly-Leu followed by 


the preferential uptake of free Leu. 


EB. [he BEfect of Various Dipeptides on the Uptake of Leu 
(Gly-Leu) in the Presence of 20 mM Leu and 19 mM 
Giy=PTO 
Everted rings of rat intestine were incubated in test 
solutions containing 1 mM Gly-Leu, 28 mM Leu, 18 mM Gly-Pro 
and a 18 mM concentration of either Gly-Gly, Pro-Gly, 
Leu-Gly, Leu-Leu or Leu-Ala for one minute. The results of 
these determinations appear in Table IV. 
Two of the dipeptides tested, Leu-Leu and Leu-Ala, 
inhibited the uptake of Leu (Gly-Leu) under the conditions of 
this experimental series. Only the Leu-Leu inhibition proved 


to ubessignificant. 


BeGLy gol v= Lelje. pLaken Versus gtie Concentration of 
Leu-Leu in the Presence of 20 mM Gly-Pro 


Theunacuce Of sueu—Leu Winhi bition of Gly—leusupiakes in 
the presence of 26 mM Gly-Pro was investigated, utilizing the 
marker.[.'? Cl]. Gly-Leu. 

Intestinal rings were incubated for one minute, in test 


solutions containing 1 mM Gly-Leu, 28 mM Gly-Pro and 
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increasing concentrations of Leu-Leu. The 28 mM Leu was not 
required in this experiment since, as shown earlier Gly 
(Gly-Leu) enters the enterocyte exclusively via the peptide 
route. The results of this experimental series are presented 
ine Bigures 22% 

The graph of the data from this determination shows 
EeuslLeuprowhnaverno effect on.Gly  (Gly-Leu)uptake uncer a 
Critical concentration of Leu-Leu was reached which suggests 


Stier than, a cOMmpetrttive: inhibition: 


Ge BbeuUT(Gly-LeujsUptakes Versus the Concentrattonnor 
Gly-Leu_in the Presence of 20 mM Leu and 18 mM 


Leu-Leu 

The complexity of the interaction of Leu-Leu with 
Gly-Leu transport was studied further with the following 
determination. 

Rings of everted rat gut were incubated for one minute 
in solutions containing 28 mM Leu, 18 mM Leu-Leu and 
iiereasing concentrationsmor Gly-Leu., eragure: 23mUsea 
graphical presentation of the data resulting from this 
experiment. Included “in figure 239 1S) a controlecunvessnowing 
the uptake of Leu (Gly-Leu) versus the concentration of 
Gly-Leu plus 28 mM Leu. 

From sa comparison of the two curves of Figure 23 ;91t is 
evidentathat Léu-Leushadea Significant inhitbutorygertect on 
the uptake of Leu (Gly-Leu) (p<d.95). 

Rekineticovanalysiseot. theydata presentedming sd cutemes 


was accomplished by plotting both sets of results as a Woolf 
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DIO EULS IV VaVS malo. elie Lesulting,cunves ane stound in 
Figure 24. 

Figure 24 reveals that the presence of 18 mM Leu-Leu 
effected a substantial decrease in the Vmax of Leu (Gly-Leu) 
uptake while significantly increasing the apparent Km. 
Clearly then, Leu-Leu had a mixed inhibitory effect on Leu 
(Gly-Leu) uptake, the exact nature of which will require 


rurther study. 
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DISCUSS TON 


iv Studies on the Na’ Dependency of Peptide Transport 


The observed 5@ percent reduction in Leu (Gly-Leu) 
sit lux Into everted rat intestinal! rings tollowing Na’ 
replacement lm the incubation medium (Figure Iv) tends to 
Support the findings of Cheeseman and Parsons (1974, 1976) 
and Himukai and Hoshi (198@) as well as their suggestion that 
Gry-Levetransport occurs equally via two routes, only one of 
which is dependent of Na’ (See LITERATURE REVIEW; Na’ 
Dependency of Dipeptide Transport). 

The kinetic Constants calculated tor tne Nav dependent 
Portions of Leu (Leu) and Leu (Gly-Leu) transport. (Figures 8 
andwil). were Eound to be similar (Ko sCelu “(beuw) 3235 mM, Leu 


-|} = 
(Gly-Leu) 3.8 mM; Vmax:Leu (Leu) 14.9 .zmoles Gdn yewe. min. 


Leu (Gly-Leu) 12.3 moles Go ary wee ayia ancl catings crac 
Tivis possible that the two processes share a cCommonmpaciway. 
One tie olLhber hatid the Ky and Vmax Calculated fcr the Nat 
independent portion of Leu (Gly-Leu) influx (Figure 12), were 
Gurte dlrrerent (Ke o./7 mM- Vmax 19.3 moles ey shay nee min.) 
suggesting that tills process OCCUrs Vila a paliway Gdisotinee 
from the free amino acid transport system. If, as indicated 
bythe work ot Cheeseman et al. (19/4, 1970), andmiimukal ev 


al. “(19890), the Nat independent portion of Leu (Gly-Leu) does 


represent intact peptide transport, the Kinetic constants 
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determined above are in agreement with the general trend 
repoyeedaungithe Piteratunet indicating! that peoptidestransport 
might be characterized by a higher K+ and Vmax than that of 
EreecTamino) acadsce (Matthewssict \al’.019685+1969-wAdi bileteal., 
Md 20) r. 

With the exception of this general observation a 
comparision between the absolute values determined for the 
appanents kine hic icons tantsivingithis work) with, thoselreported 
in the literature has not been attempted. Thomson and 
Dietschy (1988) have determined that the type of in vitro 
Poepakatwone isedirtornts tudyvetranspor tthasitarewe wiaporocound 
influence on the apparent kinetics of the active solute 
GEanSPOrRe, process-eueal hey «conclude, therefore that. tes, not 
VManvdsto Compare’ the 2. 7... Kinetic rconstantsmdem vedertnom 
different in vitro tisSue preparations." Several studies 
havellalsotipointed roltt? that thailure sto connect.sio,sthe 
resistance of the large unstirred layers inherent in in 
Vibro andifinm vivo intestinal preparatwons fean adistort the 
apparent kinetics of mediated transport systems. It is 
probable that the unstirred water layer in the everted ring 
Preparation used ni this, study lwas hharge preven fehough sthere 
was -anueffortiimade stomreduce siti by ‘vigorous bubbling soft the 
testmso lupidnsyeiThe Kokandevmax values sealbculated gare 
therefore most likely an overestimation (Winne, 1972; Wilson 
atealnn Lod \sthomsonpelo 797) Nhomson et gale7el9 30) mabesoute 
this Linaccuracy Jit (may gstillebesvalidetoyeompare the kinetic 


constants determined with the same preparation, in an attempt 
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to observe variations as a result of experimental 
“manipulations' (Thomson et al., 1986). 

In the presence of a saturating concentration of free 
Leu (29 mM) additional uptake of Leu, into everted rings of 
rat intestine, was observed following the addition of Gly-Leu 
to ches Gesitisolucion- (Figure ts). "Since the “tree "amino acid 
system was shown to be completely saturated by a 28 mM 
concentratYron’ on -cold Leu (Figures ‘7 and'13)>. the turcther 
uptake of Leu must have been via a pathway not shared by free 
Leu ‘and had to originate from the dipeptide. These 
observations strongly suggest that the intact dipeptide 
uptake mechanism utilized by Gly-Leu was isolated from the 
free amino acid system by saturating the latter with free 
Leu. 

Tyetiniduuxeot Leuvrrom= 1) mM Gly-Leujesroiiowing the 
addition of 28 mM cold Leu to the test solutions was reduced 
to about half of the control uptake observed in the presence 
of Na’ (Table I). If it is assumed that the Leu (Gly-Leu) 
entering the intestinal enterocyte with the free amino acid 
system saturated does so in the form of intact Gly-Leu it 
would appear that as much as half the observed influx of Leu 
(Gly-Leu) moCcCUrS=Viaean intact” peptide transpore system. 
Fupehnerethestranspore observed In them presence Of Saturating 
Leu was found to be unaffected by the replacement of medium 
Nat with choline (p<@.85) and was not significantly different 
from Leu (Gly-Leu) transport determined Simply in the absence 


ofethetcation® (p<0205).° A kinetic analysis “of Leu’ (Gly-—Leu) 
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transport in the presence of 28 mM Leu yielded kinetic 
constants ik 2.5 .mM>. Vmax 28 ymoles apy leleiy ve mins, ) 
similar to those calcualted for the Nat independent portion 
Of Leu (Gly-—-Leu)Bcontrol studies, (Kt .S./ mM: Vmax 19.3 4 
moles g dry Wee min’ ). Either the addition of 28 mM Leu 
or the removal of vent evidently unmasks the same Na? 
independent, intact dipeptide transport system. 

The reduction in Leu (Gly-Leu) influx caused by 
Saturating the free amino acid transport system indicates 
also that half of Leu uptake from the dipeptide must occur 
via this route and therefore that about 5@ percent of the 
CB leten presented to the ileal mucoSa undergoes superficial 
hydrolysis prior to being transported. The liberated free 
Leu is then taken up by its well characterized amino acid 
Eraneportproute. sPurther evidence In suppor of this 
COnGLUS One WaSeso Unda thnough the application On Ane nit Dior 
OtEsibeaces hy dnodysis. 

Kania (1977) has shown that L-Ala-  -naphthylamide 
(ANA) has a much greater affinity for the aminopeptidases of 
the intestinal brush border membrane than dipeptides with Gly 
ass Ehe NH, -terminal amino, acid, as well as ajhydrolytic rate 
PArinme*COSSoOmelien Vaile rymOLeaLpDeDLLdeS me UNeyastles Ded. malin ls 
compound has therefore been successfully used as an inhibitor 
Gtiestitmace Nydrol Vsasceinestudies or dipeplidestranspor tinto 
aie Se Wehachenkers Celis ie embAA WSIASIS UsleisKere ony, TESPeh) 
In this investigation the presence of ANA (18 mM) in the 


medium reduced the rate of uptake of Leu (Gly-Leu) to 
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approximately 58 percent of control values and to levels not 
Significantly different from those observed in the presence 
of saturating Leu and the absence of Na® (p> 0905) Rormtsimply 
in the absence of Na (p>@.95) (Table I), 

The three methods employed to eliminate the contribution 
MadestosLeus(Glysteu)i transporteby surface fnydrolysis 
(removal of Nat from the medium, saturation with free Leu and 
inhibition of surface hydrolases) reduced uptake to levels 
not significantly different from one another (p>@.95) and 
corresponded to approximately 5@ percent of control levels 
GRable wi jie) These tsresults taneaconsistentiwith the findings of 
both Cheeseman and Parsons (1976) and Himukai and Hoshi 
(1988) that Leu (Gly-Leu) transport into the small intestine 
occurs via two systems; one, the preferential transport of 
Leu liberated from Gly-Leu following surface hydrolysis by 
the Nat dependent and concentrative free amino acid system 
and two, the uptake of intact dipeptide by a nonconcen- 
trative, saturable and Nal independent mechanism. 

Gly (Gly-Leu) uptake into everted rat intestine, in the 
presence of Nat , waS approximatley half that of Leu 
(Gly-Leu) control determinations over a wide range of Gly-Leu 
concentrations (Table II). This observation was made for 
Gly=Léeu st ransportiintetmonkey tintestine (Das¥et tally. (#1975; 
Ganapathy et al., 1979), guinea pig intestine (Himukai et 
aAlpelocjeanderat Jejunume (Pern setieql 57) 1969 ee iDbas Set saily. 
(1975) attributed this preferential uptake of Leu from 


Ghysbew'partl y to “a vgreater tet flux Mot "Gly overmaieu Sirom sthe 


; on: aha oa 
- - - ~ 7 
aw yt wae 
: = ss a an 
rT. : 


notdeel ine: 208 eyenb alle: a2 eye 
sipylerays santas Att anes (ees- 

tis O60 saz ASdw aneiatadl itd b tae 
afouxt 09 atedqu ‘hasutamt pane 
bei (EU.W4m) aShtose SAE mesa pee y ahi. % 
efevel (rides 3¢ Ineores 2 OT rah BS Iqes o3 

fo Apc valt saz she neta oer 2:(gres 
ide lw bate Paaineh ‘ane’ favely enceted Dak 
eaivessol [lame 2d7: 03nt Sroganess (wel-yfoy sed Sed: r 

jn sveqenea fstsne3siesg ada «Geo (Seereyn ow sive 

ja gids Peobht = oeatubs bieitas vex pra nbay Spee 
geen\e bisd ullus 590% SviveysRooces Vee Seetaealt “en 
-reonsonad ¢ vd sbigdenth roasak Se saeaqe ae bn 
shetosteen tesboeqethnd “en bine eldawies « 

odé¢ at jenigeberl ser betheyeoosn! exergu tosteyEoy we 
149 30 sony Shed gelesiéxsugge eew . 

MIL Ie apoey ahiwye 98¥0) Snel Innireser Loyiaes (usd-¥: 


3 


enterocyte into the lumen and partly to a difference in the 
uptake rates of Leu and Gly from free solution following 
SuUrlLace hydrolysis. Both Fern et al. (1969) and Himukai et 
al. (1989) attributed this same phenomena entirely to the 
preferential transport of liberated Leu following surface 
hydrolysis of Gly-Leu at the brush border membrane. The 
baaeer CONC LuUStONs gains. Support from the observatlonecmiac. che 
efflux of Gly and Leu from the intestinal enterocyte have 
been shown to be equal (Fern et al., 1969; Himukai et al., 
1988) and by the much smaller K+ value of Leu (1.5 mM) than 
Gly (27 mM) reported by Himukai and Hoshi (1975). The 
Eindgings:,oL tChiSsstudy tend eo Support this sexplanacion. 
There waS no Significant difference (p>@.95) found between 
Gly (Gly-Leu) transport (Table II) and that observed for Leu 
(Gly-Leu) uptake measured in the presence of either 298 mM 
cold Leu (in the presence or absence of Nat ) or 18 mM ANA 

or Simply in the absence of medium Nat (Tablel iy. silmwobner 
words, when the Contribution made to Leu’ (Gly-Leu). influx 

by surface hydrolysis followed by the preferential absorption 
of the liberated Leu is eliminated the transfer of Leu 
(Gly-Leu) and Gly (Gly-Leu) across the intestinal membrane 
become equal. It is also apparent from these observations 
EidceG by (GLy-Leu) tClaiispOll into; Lings of ever Cedmrac 
intestine Must occur exclusively Via Intact peptide transporte. 
Indeed, when 2@ mM free Leu was added to the medium during a 
determination of Gly (Gly-Leu) uptake over a concentration 


range of the substrate, there was no significant reduction in 
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Eransrerecr Gly == (Tablesll =i0>0-.05) seein view oretie much 
greater affinity for the free amino acid carrier exhibited by 
Leu over Gly, an excess of Leu in the incubation medium would 
have inhibited any portion of Gly (Gly-Leu) transport 
occurring via the free amino acid uptake system after surface 
hydrolysis and a reduction in total Gly (Gly-Leu) transport 
would have been observed. The kinetic constants determined 
fOGec.y (Gly=Leu)™ transport (kf 7-83 mM> Vmax 17.8 wmoles g 
dry wt. mins y indicate further that only the Intact 
peptide transport route is involved since the values closely 
match those determined for the Na? independent portion of Leu 
(Gilyv-Ceu) transport (kres.7 mM; Vmax 19.3 uwmoles @) Spay wt. 
ROE, ) and Leu (Gly-Leu) uptake ey Ne presence of 28 mM 
free Leu (K+ 8.5 mM; Vmax 29.9 moles Seany en min. Je 

Bebra fi Support of the’ studres with lew, (Gly-Ceuy it 
was found that Gly (Gly-Leu) uptake was MO Cest On igi callie vy: 
affected by the replacement of medium Nat with choline 
(p<0.05), again Suggesting that intact Gly-Leu transport is 
not Na* dependent. 

The Na’ independent nature of dipeptide transport has 
also been demonstrated in an in vivo preparation of frog 
intestine (Cheeseman et al., 1976), isolated rabbit 
intestinal brush border membrane vesicles (Ganapathy et al., 
1989) and guinea pig intestine in vitro (Himukai et al., 
LOSUrs wire Nas independency of dipeptide uptake has 
therefore been established in four different animal species 


using a variety of preparations. 
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Thesdemonstrationatnat  Intactuc!v-Leustransporcs in Nat 
independent is consistent with the observation that Leu 
(GiveLouj jeri OSE Study, was nore accumulated within 
Pleura eCneerocy ree to, concentrations apovestiatmineroe 
medium (see: Results; Leu (Gly-Leu) Uptake Versus Time in 
the Absence of Na* ). It would appear therefore, that intact 
GivyeLeustranspore into, the rat. intestines |s ov asap tacwidqdtared 
mechanism. This conclusion was also reached by Cheeseman and 
Pabsonse (19/6) andeCheecenan (1930) (whe round mintacteGly—leu 
and carnosine uptake into the frog small intestine to be via a 


non-accumulative, Nat independent route. 


he Harmaline Study 

Harmalane) (374-dihydro—-7—-methoxy—l—-methyl—9-—py rad 
[3,4-bis] indole) is a psychotomimetic alkaloid, extracted 
Promea colombian Tiana andgbelongs,to thes lysergic and 
diethylamide-like class of drugs. 

The earliest study utilizing this drug, showed it to be 
an inhibitor of the (Nat roa )-ATPase system in several 
membrane ATPase preparations (Canessa et al., 1973). Canessa 
concluded that the drug competetively inhibited the binding 
of Nat ions to the phosphorylated intermediate of the (Nai + 
Ve ATPaccureaction inechecerats breu.p es eoanCemtny Sm na taad 
observation by Canessa several workers have verified her 


findings.in a wide variety of tissue and enzyme preparations 


7 i nee ue ee 
ond ni 26s Ov 
dimAhdseis ,srotovetsaeedge t tHE” ot "ei 3 
Regesiisset » eiv 24 enizemgnt 304 saad a 
fad Wenesssi? yc b3yisees Sele Sav Tudwebopo: alit 

ge4-yit-shecot ‘bawe? city (saby) deooeebes hae rerea 
a ety sa ca Saistesni \ Lome neat | se Sint 235090-s o 
-S1bot IebeegaPei Yat sou 


: 
Bite. 


Gssvysas? (brctodi= abembctone, 24 < 
bic oigyeey! ely eh ebendon bag anpds ne en 

cones te Jekie caiatiteernee 

wa ot 4: boworla «pur, a2 erst igs \ Gers Jeniion® 2aT ioe 
lerever ni noua ade trne Ty 4 Ta) ada de aogidddat ne : 
Beeens: §-1LTE! ,. 58, 29 BRBeRED! Selle wqetg weReTy. Ne 3 
celOnia eae nesldidat Ytettansawe- cuvk eee ‘s) pabw tages 
«PAK! sit ke. atnlbamapaat beabiy enue bealieadnansdl *9 


beisest sins asniz seiko ap att ial roa tana SeaeTA of 2 


, tag helatisy avait mae vey fennvee 


siolaereqer,.omane! tine sisen)s wy qpatze 


_ - 
. Oe i 7 


96 


(Dunn and Hunt, 1975; Robinson, 1975; Sepulveda et al., 1976; 
Bhyenfeld and «Rome, 41977.7-<Sarmarzija, 19.773) ,Sousaeand 
Grosso jie! 97; fea and eAshley 74981). 

191974 ,sharmaline!s -ability (toi inhibit@sugar anddamino 
acid transport into guinea pig intestinal rings was noted 
(Sepulveda and Robinson, 1974). Subsequent published studies 
by these and other authors have presented convincing evidence 
Ehat; insaddition sto-yharmalinebs -inhibitory <action son ethe Nae 
pump, the drug also competes with Na? for its binding site on 
the carrier molecule at the membrane surface. These workers 
maintain ethatGihanmablinetks sability sto ginhibi teso Nut eptranspornt 
powdite Go, this (abtersactioneand+issniot secondary to §rus 
Phd ition vol athe e(Nau etek) st) ATPaseusystem (Sepulveda and 
Robinson py P19 7A abo 752419 76 eel 97S eA lvarado met alwaebo s/o) 

Sincesa speci tic vinhib1tor ¢of Nat dependent amino acid 
transport at the level of the carrier would provide an 
additional method of isolating the peptide system enabling a 
comparison with the Leu saturation and ANA experimental data, 
an investigation of harmaline's effects was undertaken. 

The initial experiments using harmaline showed that 
increasing concentrations of the drug did significantly reduce 
the juptake .of Leu jintogevernted intestine ofsbotit bamM etree 
Leu and 1 mM Gly-Leu (Figure 15). The inhibition was maximal 
imiboth cases <ah ansinhbibitor concentration goielGemMebut 
harmaline did not reduce Leu (Gly-Leu) uptake to as lowa 
bevel Has mit idid Leu e(beu mauptakesa ThisobservVation: fitsethe 


hypothesis that Gly-Leu uptake is made up of two components 
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only one of which is Nat dependent (the free amino acid 
transport system) and therefore harmaline sensitive. 

The Na’ free determinations of Leu (Leu) uptake in the 
presence of increasing concentrations of harmaline (Figure 
15) however, suggest that harmaline has inhibitory effects on 
Solute transport into the intestinal enterocyte which are in 
sddutdon= tow 1tseinhibition@oreNa @binding "These results 
show that when present in concentrations in excess of 2.5 mM 
harmaline significantly reduced Leu (Leu) uptake in Nametree 
ringers. 

At harmaline concentrations below 2.5 mM the drug had no 
effect» on’Gly (Gly—[eu)" transport which serve" to* verity tne 
findings of the Leu saturation and ANA experiments 
(previously described), demonstrating the Na* independence of 
this process. However, concentrations of harmaline above 2.5 
MMenaded SLONIEicantrinhibitory@etrect (Pigunes 17» Further, 
a harmaline concentration of 5 mM was shown to inhibit Gly 
(Gly-Leu) transport over a wide range of substrate 
COnCentCEAaLLONS by an average of S3" percent @as™comparcdtto 
Controle levelrse (Table i) 

Harmaline then, has been shown in these experiments to 
inhibit free amino acid uptake in the absence of medium Na’ 
and also to inhibit the Nat independent process of Gly 
(Gly-Leu) uptake when present in concentrations above 2.5 mM. 
Neither of @these™observations is* consistent#with= the*theory 
that=narmaline inhibits amino” acid transport, solely through 


competition with Nat at the membrane carrier site. 
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Recently it has been demonstrated that harmaline is able 
to penetratesintosthercells ciemuscle fibreswandsactually be 
accumulated intracellularly wagainst sitsiuconcentration 
gradient to levels substantially above that in the bathing 
Mediums LedwandsAcshley, «1 9S) seeTheoe uneou Lice! |. wea ne 
found to be consistent with the hypothesis that extracellular 
harmaline can penetrate the cell membrane and act on the Na™ 
Bumpeat the interion Lacing site’ i(Leasand ¢Ashtey,, s193i1,).. 

Samarzija et al. showed that harmaline's effects may not 


bewlimited tosthe (Nau — Kk. 


)-ATPase .system. During an 
investigation of the action of 5 mM harmaline on rat proximal 
tubular solute and water transport, these workers concluded 
Bhat the drug. inhibited sboth the .(Nat s— Uk de) ATPase saud Mgt - 
ATPase systems of peritubular cell membrane fractions "as 
well as the HCO, stimulated ATPase of a brush border membrane 
BraAGELOMan | Samaria pelo viewer iether, sehe: datashionmeticur 
work suggests that harmaline's inhibitory effect on the (Nat 
ie) a sibase icoulduno te eae. Simply result from a 


competition between harmaline and Nar (Siamatazi1 qiay, pce) 
thestransport of «free iLeu was pstudied in thes presence of 
5 mM harmaline over a concentration range of the substrate 
both in the presence and absence of ver (Blgune }1G)s.5 SA 65 GmM 
harmaline concentration was chosen based on the observation 
that atethis level the vdrug induced a ~neay imaximadeinhi bition 
of Leu from a 1 mM solution of free Leu (Figure 15) and also 


on reports in the literature suggesting that higher 


concentrations would produce secondary effects on the 
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enterocyte (Sepulveda and Robinson, 1976). 

Hannal ine’sMabrlity Sto LinhibivGgien (Lew uptake twas 
Shown to diminish as the substrate concentration was 
increased in the presence of Na’ (Figure 16). WEA DBasveu 
concentration of 1 mM, 5 mM harmaline reduced Leu (Leu) 
uptake @(as compared to control uptakes) by as much as 39 
percene. Thlhiseinnibi tion shell vtolantowaos b4 percentaat then 
eoncentratuonssot G2) mMs weAgkinetickanalysismet fthistdata 
indicates that the presence of harmaline caused a decrease 
in the Vmax of Leu (Leu) uptake while inducing an increase 
in the apparent Km. This indicates that harmaline 
inhibited Leu (Leu) transport in a noncompetitive manner. 
This is not unexpected since none of the theories as to the 
drugs mode of action suggest direct competition with the 
substrate and harmaline. The removal of Nat from this 
preparation reduced the uptake of free Leu to levels 
approximately 5@ percent lower than the 5 mM harmaline alone 
could effect (Figure 16), indicating the considerable portion 
o6 Na’ dependent Leu (Leu) transport unaffected by this 
relatively high concentration of the drug. 

Antexplanation for harmaline*s failure to lower 
leucine uptake to the same extent as Nat removal may lie in 
the fact that physiological Nat concentrations (143 mM) were 
WseagmeMany eof tthespreviousmstudies (utilizingg@harmaline were 
done at much lower Na’ levels and it is well established 
in the literature that as Na’ concentrations are increased 


harmaline inhibition can be reduced and eventually abolished 


en 


we its i at 
haw neitea: extad 
ved 8 A penton 
(ued) uo tanpber PD ase ; 
a ce hue on pd eesetqu ly semeane 
ped Se specgen te 36 Worse we dined 
agen stéd Sq eleven) piseuse & wha he 36 
Shewroats » asks wl Tenge ie atneseag 42 5] 
sze4iznd ce (nicetAl @bide ddeagl fees) vas 2a 3 
ci lemind seas Bega ten) stot my ss 

penhen. opi) peddboren, & at sa3ge deus (ys) pel 
of of s& Selycods aay 20. Sheh-S507= tina 
ails O0dW nelsiteqay 49818 aarp ce noiges Ser 
sits mov tee, go hegoyen ci’ ,ectisitag! Gag esES2 
zinvs! o¢ gad ddsd 36 esedQe ons baci ech sereaN 
snfiis onilenran “mn ¢ add sed tavo!. ineteg $e f t: 
natsiog alteseblendd age Ve (ar seghy) nr 
se@itg ye ere SST Te ‘Agogene {jes panpanaeutiee-> 
turd an do utzexadteenat agin! itevissles: 
wago! eG? oun ean) fomin anit nob sommes aA - 
‘St! gan Levene? feu a6 24$¢es @née wilt: og wherqe 1s 
stew Mm Shs) na malin He | 


- 3s 


189 


(Advaradoget mali; 079) pow Leeismpossiblesacsusuqgestedsain a 
G€iscussion ofeSamarzija‘s (1977).negativesxesultsewith 
harmaline, that Nat concentrations as high as 143 mM may be 
Sut ile Chie. momen COs COUNLELaCtRanyepOssi bl emparmaidane 
effects. . ." in some experimental preparations 
(Aiverado,'197 9. 

On thes basis otethesobservationsemadesonstness oni pi tion 
of Leu (Leu) and Gly (Gly-Leu) uptake by harmaline it is 
possible to explain the ability of the drug to reduce Leu 
(Gly-Leu) transport to levels similar to those in the Nat 
EbCe | Leussaturatwon, and ANA, experiments. (Table, 1)..\ The drug 
exerted two Simultaneous inhibitory effects on Leu (Gly-Leu) 
absorption, one being an incomplete inhibition of the Nat 
dependent uptake of free Leu liberated by surface hydrolysis 


a independent 


and the.other-a-nonspecific inhibition of the Na 
inkactetransport,) of (Gly—-Leu., The, sum.ofsthese tworeitects, 
ifjewould appear, .iniabated total Leus (Gly-Leu) suptake 
fortuitously) tosthessames degqrecsas didethessinpl earemoval of 
NageP leclasaturatlonsonsthiersuse,olrwANA 

While harmaline may be useful at or below a 
concentration of 2.5 mM to indicate whether or not Na’ is 
invoLvVedsinad Ji venmebanspoGnt, process, en Ey cannoLebeuusecdsar 
high enough concentrations to eliminate Na? dependent 
transport due to the drugs nonspecific intracellular 
effects. 


Lnp da ghit.ofpithes characteristics) ofsharmadine 


demonstrated here, the work of Ganapathy and Radhakrishnan 
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(1979; see LITERATURE REVIEW: Nat Dependency of Peptide 
Transport) must be viewed with caution. These authors, 
through the use of harmaline, claim to have demonstrated 


the Nat 


dependency of Gly-Leu uptake into monkey intestine 
in vitro. They observed that both Leu (Gly-Leu) and Gly 
(Gly-Leu) influx to be significantly reduced in the presence 
of 4 mM harmaline. Maximal effect was obtained only after 
a ten minute preincubation of the intestinal tissue with 
tie arug. 

Tt 1s most Likely that the reduction cf dipeptide 
observed in the above procedure was a result not only of 


glade: Angi owl lemgenwepey ewe Nat 


-dependent processes but also -of the 
nonspecific intracellular INRLDLCOLY eELLectsw inducedspyea 
Narmaline COoncentrbationeas high as 4 mM.) eFurther incubacing 
the tissue for ten minutes in harmaline would, in all 
ihiketinood,. result in waintracelblular accumulation, om tne 
drug, as shown to occur in muscle fibres (Lea and Ashley, 
1988), wherein concentrations even higher than 4 mM could 
exere a nonspeciric inhibition of cellular metabolismeand 
secondarily peptide transport. 

Ganapathy et al. (1980); see LITERATURE REVIEW: Na’ 
Dependency of Peptide Transport) demonstrated harmaline's 
imettectiveness at inhibiting dipeptide transporteinto 
intestinal and renal brush border membrane vesicles from 


+ 


Eabbue, witch elacked a (Ndawe— Ka 


)-ATPase system. 
Apparently when the target for harmaline's nonspecific 


inhibitory effects is removed it no longer is able to 
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disrupts Nag -independent processes. 


oe Competition study 


Inmchewprescnice of -arsalunatinguconcentrations ot ecold 
Deus (20 0mM)); Gly-Pro was. found to inhibit Leuy from Gly—Leu (1 
mM) by only 57 percent at the highest inhibitor concentration 
Nseqe(higqures ls) sayThis partial inhibitionswasmsnownato De 
competitive in nature by the two methods outlined in Figures 
20m ana SAS reploteinguol this) date as outlInedmbysinul. and 
Christensen in 1966 (Figure 19) revealed that an infinitely 
higheconcentration or Gily—Pro would fairleto inhibit. 44 
Percent of Leu w(Gily—-Leu)  cnansport, suggesting thatetinis 
portion of Leu (Gly-Leu) influx proceeds via an intact uptake 
system not shared by Gly—-Pro. That is, it would appear, f£rom 
this investigation that intact Gly-Leu has two routes of 
entry into the intestinal enterocyte; one which is used by 
both Gly-Leu and Gly-Pro and another which is available only 
to Gly-Leu. The above procedure was repeated using L-alanyl 
naphthylamide (18 mM) in place of 28 mM cold Leu to eliminate 
the contribution of surface hydrolysis to Leu (Gly-Leu) 
transport... the fact thateithe results obtained weresnot 
Some oatbvedd hee ren tani. U5) veri ide sutdcme mreGilveness 
of ANA as an inhibitor of the brush border amino-peptidases 
Wiichehyadrolyze Gly—Len si hable Li) ).. 

Cimivard Vy RosenwandsLeving( 19/9) weresoblestom block lonly 
J0mspeucenit ot Leu-Leusint Luxgintoprateintes tines taroughathe 


simultaneous application of Gly-Pro (28 mM) and ANA (19 mM). 
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Although these workers did not analyze this aspect of their 
data, they alluded to the possibility that there exists in 
ENeGeba ee lilceoulicw aw. em Lilurde mechan sn sOmeascini la tiOnmo r 
Peptides ChatelsS moe ebDlocked=soy Gly-lro en ROSsen—levy in, 
1979). Boyd and Ward (1982) observed that while Leu-Leu 
Could scomplecvelysabolisn stnerdepolarizatvon caused soy 
Carnosine influx into mudpuppy intestine, even high 
Goncentrations of scarnosine could not totally abolish the 
depolarization induced by Leu-Leu transport. Since the 
effects were seen in the presence of a saturating 
concentration of free Leu, the authors concluded that two 
pathways must exist for intact Leu-Leu absorption only one 
OF which 1S Shared by carnosine. 

The finding that there may exist more than one intact 
transport route available to Gly-Leu is in agreement with the 
several studies suggesting that peptide uptake occurs via at 
least two uptake mechanisms (see LITERATURE REVIEW: 
Competition Studies). The investigations indicating that a 
single transport system handles most, if not all, peptide 
aDsOCOULLONeL GON Elem Uteanecm large |) Yauncauis LACUOnhy mE Uasmand 
Radhakrishnan's work (1975) showed that all 38 dipeptides 
tested inhibited Leu (Gly-Leu) and Gly (Gly-Leu) uptake into 
monkey intestine which they considered as strong evidence for 
the existence of a single wide spectrum dipeptide uptake 
system. However, the inhibition was shown to be competitive 
iietnescace Of ON nye OULmOLe Chem cd) pepUldes mpbuUmienelmore, 


this kinetic analysis was performed by determining the effects 
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ametive Riour adi pep hid esimonnthe Rinfhuxto severe (G hye) ew iithmno 
compensation for the complication of surface hydrolysis. 
Treseminvestigators¥alsofearried-out aelimiltted Study soft the 
inhibitory teffects tof five edipeptides son athe influx cof iLeu 
(Gly-Leu) into human intestine in vitro and again no 
correction was made for surface hydvaly sis Spero gus 
interesting however, that Gly-Pro (198 mM), which is pea 
hydrolyzed by human brush border aminopeptidases (Kim et al., 
Iie); twas fable gto Toningmabouteonly ea 44 gpencent greduceion: in 
Ghyekeu a0 35 iM) Tuptakie = No ik ineticmtpeatmenteoh thasedata 
was reported. Matthew's groups have studied the effects of 
various peptides on the uptake of peptides of Gly and Sar 
(Addison et al., 1975; Sleisenger et al., 1976; Matthews et 
ave elo 13% Taylor teteals, 58979) » wAlthoughe@the use of these 
peptides (Gly-Sar, Gly-Sar-Sar, etc.) reduces the 
Comol teat tongoraswnbace giydnohysis#iti us: uneteaw7 ito gmdate, 
whether or not such atypical peptides reflect the behavior of 
the vast majority of peptides which do undergo superficial 
hvdro iysishetGéeértainkyathe technique temployedmin the Glatter 
twoestudiesd(Matthews tebrals, «19783 elaylor get talapelor9) iat 
Yowercing medium pH frome a4 wtotorteaim ordentto@sseduce 
aminopeptidase activity of the brushseboerderiicreates 
unphysiological conditions which likely compromise the 
NOena wen winet ton ngmoOm treatsporne Systems. 

In «the present tworkethe Gly-Pnro sinsensitive por tionrot 
Leu (Gly-Leu) uptake was isolated by the addition of 29 mM 


cold Leu and 198 mM cold Gly-Pro to the incubation medium and 
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Enewetnectsor lOemM concentrations of several dipeptides on 
Leu (Gly-Leu) uptake via this second intact peptide route 
determined (Table IV). Only Leu-Leu proved to have a 
Significant inhibitory effect and his sinhibitiom was found 
bOebewnoncomperitive (Figure 22)). The vinteracticnmor Leu-Leu 
and Leu (Gly-Leu) transport was tested further by determining 
tiewertect oF fLeu-Leu (1¢ mM) on increasing concentramon .of 
Gly-Leu in the presence of saturating cold Leu (20 mM). 
Under these comditions only the.free amino acid system was 
unavailable for Leu (Gly-Leu) transport with both intact 
peptide systems (if indeed two exist as suggested by the 
data) unaffected. AS indicated in Figure 23, Leu-Leu did 
inhibit Leu (Gly-Leu) uptake and an analysis of this effect 
Showed the inhibition to be of a mixed type or 
noncompetitive. A possible explanation of this phenomena is 
Pia Cee DIndginggestle foOreintact, Leu=Leur tran SspOmC lcm c my, 
Closes comthe binding Siteston intact Gly -Llevwmur ansporeanor 
Sharedeby Gly—-Pro. The binding of Leu-Leustomitses binding 
site may therefore cause a conformational change of the 
Gly-Leu binding site thereby reducing the efficiency of its 
function. THis allosteric. hinderance eiflect has jbeen 
Suggested by Himukai, et al (1980) as an explanation vor the 
‘mixed type" inhibition exerted by Gly-Leu on Gly-Gly uptake 
ijtomouinea Cig smal leincest ine. 
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